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Chapter 1 | General Introduction
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I would there were no age between ten and three-and-twenty, 
or that youth would sleep out the rest; for there is nothing 
in the between but getting wenches with child, wronging the 
ancientry, stealing, fighting.
William Shakespeare, “The Winter’s Tale”
Shakespeare’s words ring true for us today as much as they did half a millennium 
ago. They are applicable not only to risky behavior such as stealing, fighting, and 
having unprotected sex, but also to everyday situations that require control of 
our automatic tendencies. Think back to when you were 14 years old. Your final 
exams were approaching as well as various end-of-year parties. You may have 
been automatically pulled towards these parties, whereas the idea of studying for 
exams immediately pushed you away. However, in order to successfully pass your 
exams, you needed to override the urge to join the party and stay home instead. 
As a teenager, this temptation may be particularly difficult to overcome.
As illustrated in both examples above, adolescent behavior is charac-
terized by increased emotionality, risk-taking, and impulsivity (Casey, Jones, & 
Somerville, 2011; Defoe, Dubas, Figner, & van Aken, 2014; Somerville, Jones, & 
Casey, 2010). In essence, there is an underlying decrease in emotional control 
during puberty. But how does emotional control develop during this critical phase? 
And how is this related to maturational processes in the adolescent brain? Which 
factors contribute to the increased onset of affective disorders during this time? 
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The central aim of this thesis is to investigate the maturation of emotional 
control. I consider three related aspects: the neuro-endocrine maturation of emo-
tional action tendencies, stress and automatic defensive reactions, and the devel-
opment of psychopathology. I study emotional control at four different levels of 
analysis: neural circuitry, endocrine functionality, physiological reactivity, and be-
havioral reactions. The maturation of these processes is studied with a longitudi-
nal approach in a cohort of same-aged adolescents, which allows for disentangling 
within-subject effects from general developmental changes not confounded by age.
In the following sections, I will describe the state of the art in adolescent 
neural and endocrine maturation, as well as its relevance for developmental 
models of emotional control. In this context, I will also outline the role of stress 
and threat-induced responses and their links with psychopathology. Finally, I will 
provide a brief outline of each chapter.
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The Unbalanced Adolescent Brain
Adolescence is a critical developmental stage. During this period changes occur 
on the physical, physiological, hormonal and neural levels (Blakemore, 2008; 
Somerville, Jones, & Casey, 2010). Specifically, after perinatal stages, adolescence 
serves as a second sensitivity period for the brain, which undergoes structural and 
functional reorganization (Blakemore & Mills, 2014; Casey, Jones, & Hare, 2008; 
Tamnes et al., 2010). Of particular importance during this time is the structural 
maturation of the prefrontal cortex, characterized by synaptic pruning of exuber-
ant connections – thought to be indexed by reductions in grey matter volume (GMV; 
Gennatas et al., 2017; Stiles & Jernigan, 2010). Such decreases in GMV are observed 
at the onset of puberty (age 10 – 12) and continue throughout adolescence (Giedd 
et al., 1999; Giedd et al., 2006; Tamnes et al., 2017). In addition to GM changes, 
functional circuitry is extensively modified, with long-range cortical-subcortical 
connections dominating over shorter subcortical-subcortical circuits (Baker et 
al., 2015; Simmonds, Hallquist, Asato, & Luna, 2014). Taken together, these mat-
urational processes distinguish the prefrontal cortex as the region most sensi-
tive to dynamic growth factors during adolescence (Ziegler, Ridgway, Blakemore, 
Ashburner, & Penny, 2017).
The protracted development of the prefrontal cortex positions it at a relative 
imbalance with respect to already relatively well-developed striatal and limbic 
structures (Casey et al., 2008) (FIGURE 1). As such, the prefrontal cortex is not able 
to adequately down-regulate limbic-driven reactivity (Somerville et al., 2010). 
This prefrontal-subcortical imbalance is hypothesized to manifest in behavior 
typically associated with adolescents – increased sensitivity to reward and sen-
sation seeking (Harden & Tucker-Drob, 2011; Steinberg et al., 2008) and reduced 
goal-directed control during decision-making processes (Braams, van 
Duijvenvoorde, Peper, & Crone, 2015; Defoe et al., 2014). In fact, adolescents’ brains 
tend to look “younger” in emotional contexts compared to their actual “brain age” 
– defined based on functional connectivity patterns (in a neutral state) and cortical 
maturation indexes (Rudolph et al., 2017). This neural phenomenon is also linked 
to a greater tendency for risk preference and decreased risk perception in young 
adults (Rudolph et al., 2017). Therefore, this so-called “young brain” phenotype is 
critical for understanding the neurobiological bases of puberty-related emotion 
control alterations, particularly given the peak in the onset of affective disorders 
during adolescence (Kessler et al., 2007).
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FIGURE 1. Grey matter maturation of the cortical surphase in sagital and axial views. The prefrontal 
cortex has a protracted development into young adulthood. The grey shaded area represents the 



























FIGURE 2. Two-stage model of perinatal and postnatal brain and behavioral development. The blue 
line depicts the time course for endogenous secretion of the gonadal steroid hormone testosterone 
and the boxes highlight when it typically organizes the developing brain. The shading indicates the 
decrease in sensitivity to the organizing actions of testosterone across development. Adapted from 
Schulz & Sisk (2016).
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Pubertal Testosterone
Converging evidence from animal and human studies points to the prominent 
role of puberty-related hormonal processes in adolescent neural reorgani-
zation and maturation (Goddings, Beltz, Peper, Crone, & Braams, 2019). The 
hypothalamic- pituitary-gonadal (HPG) axis is (re)activated at the onset of puberty 
when the hypothalamus begins to release large amounts of gonadotropin-releasing 
hormone (GnRH). This leads to the pronounced rise of circulating steroid hor-
mone levels, including testosterone (Delemarre-Van De Waal, 2002). Rapid changes 
during the first half of adolescence in testosterone drive and organize neural de-
velopment by modulating cell proliferation, cell death, and synaptic connectivity 
(Nguyen et al., 2013; Schulz, Molenda-Figueira, & Sisk, 2009a; Sisk & Zehr, 2005; 
Zehr, Todd, Schulz, McCarthy, & Sisk, 2006). In fact, during adolescence, endoge-
nous testosterone levels serve as an objective marker of pubertal development 
(Huang et al., 2012; Shirtcliff, Dahl, & Pollak, 2009).
Studies in humans show that pubertal testosterone modulates executive 
control and reward processing networks (Braams et al., 2015; Braams, Peper, Van 
Der Heide, Peters, & Crone, 2016; Cservenka, Stroup, Etkin, & Nagel, 2015; Op De 
Macks et al., 2011; Peters, Jolles, Duijvenvoorde, Crone, & Peper, 2015). Pubertal 
testosterone is critical for inducing long lasting system changes and the program-
ing of adult social behavior (Sisk, 2016). Animal models demonstrate that this is 
particularly important for programing and regulation of context-dependent social 
motivation during adolescence (Sisk, 2016). For instance, rodents that are cas-
trated after infancy will display typical socio-sexual and territorial (dominance) 
behavior as adults only if they are given testosterone-replacement treatment in the 
pre- and mid-adolescent phase and not later, in the post-adolescent phase (Schulz & 
Sisk, 2006; Schulz, Zehr, Salas-Ramirez, & Sisk, 2009). The organizational-activa-
tional hypothesis, which is the basis for these animal studies, outlines the changes 
in function and effect of testosterone across developmental periods (FIGURE 2). 
According to this hypothesis, the organizational effects of testosterone should 
decline by late adolescence (Schulz, Molenda-Figueira, & Sisk, 2009b; Schulz & 
Sisk, 2016). In contrast, testosterone in adults is associated with dominance and 
aggressive behavior (Heany, van Honk, Stein, & Brooks, 2015; Montoya, Terburg, 
Bos, & van Honk, 2012). The paradox of these diverse effects of testosterone stems 
from the fact that it has a different function during puberty and during adulthood. 
According to the organizational-activational hypothesis, the function of testos-
terone shifts during adolescence from a developmental agent of neural organiza-
tion to a hormone transiently activating socio-sexual behavioral and neural re-
sponses (Schulz et al., 2009a). To date, this animal work has not been translated to 
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neuro- developmental human studies. In particular, it remains to be tested 
whether this shift in testosterone function is present in relation to the control of 
social-emotional actions. Investigating the trajectory of these neuro-endocrine 
changes is important for understanding adaptive development, as well as the 
neurobiological precursors of maladaptive maturational processes leading to 
psychopathology.
Emotional Actions
Adolescent behavior is characterized by reduced goal-directed control and in-
creased approach or reward-related responses. Of particular importance are 
social- emotional actions, as the ability to control these basic tendencies is cri-
tical for everyday functioning. This framework dates back to 1884, when James 
proposed that emotions are reactions to salient events and facilitate action prepa-
ration tendencies with respect to them. The automatic evaluation of these events 
or stimuli directly results in a behavioral predisposition of either approach or 
avoidance behavior (Chen & Bargh, 1999), energizing the organism for action (for 
review see: Elliot, Eder, & Harmon-Jones, 2013). Normal functioning entails an 
approach motivation towards a positive stimulus or event and is related to reward, 
appetition, and incentive. Avoidance motivation is linked to a negative evaluation 
and is related to punishment, aversion, and threat (Elliot et al., 2013).
The Approach Avoidance (AA) task taps into this basic premise that people 
tend to approach positive and avoid negative stimuli (Rinck & Becker, 2007) – this 
premise also holds for the evaluation of social stimuli, such as happy or angry faces 
(Roelofs, Minelli, Mars, van Peer, & Toni, 2009; Roelofs, et al., 2010; van Peer et 
al., 2007). It has been shown to robustly capture both the behavioral and neural 
correlates of social-emotional control (Bertsch et al., 2018; Roelofs et al., 2009; 
Volman, Roelofs, Koch, Verhagen, & Toni, 2011; Volman, Toni, Verhagen, & Roelofs, 
2011) and to be predictive of reactivity to real life social stressors (Kaldewaij et 
al., 2019). During this task, participants are asked to evaluate the emotional ex-
pression (happy, angry) of faces and to respond by either pulling a joystick toward 
(approach) or away (avoidance) from themselves. In the affect-congruent condition, 
an automatic stimulus-response mapping (i.e., approach–happy and avoid–angry 
faces) is followed. In the affect-incongruent condition, however, participants need 
to override the automatic emotional tendency and select an alternative action to 
meet task demands (i.e., approach–angry and avoid–happy faces) – thus they need 
to apply emotional control.
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Emotion Control in Adolescence
Behavior problems during adolescence converge on a common impairment of 
emotional control, which in turn has been linked to the protracted development 
of the prefrontal cortex during adolescence (Blakemore, 2008; Casey et al., 2008, 
2011). Three main models have emerged explaining the neurobiological basis 
of adolescent behavior (Casey, 2014). The dual-system model (McClure, Laibson, 
Loewenstein, & Cohen, 2004) has been used to explain behavior involving im-
mediate versus delayed rewards. According to this model, the motivational, 
dopamine-related limbic system is responsible for decisions involving immedi-
ate rewards, whereas the rational, prefrontal system is responsible for delaying 
them. This view was used to explain increased sensation seeking and risky behav-
ior in adolescents based on the premise that pubertal processes enhance limbic 
reac tivity, taking over the prefrontal control system (Steinberg et al., 2008). The 
triadic model (Ernst & Fudge, 2009) assigns determinants of motivated behavior 
to three functional neural systems: ventral striatum (approach), amygdala (avoid), 
and the prefrontal cortex (regulatory), with motivated behavior stemming from a 
balance between these systems. However, during adolescence, gonadal hormones 
shift this balance in favor of the approach reward-driven system, also resulting 
in weaker amygdala-driven avoidance and prefrontal control processes. The 
imbalance model (Casey et al., 2008) is based on both human and animal work 
(primate and rodent) and aims to account for nonlinear changes in behavior during 
adolescence. It proposes that structural, functional, and neurochemical changes 
lead to an imbalance between limbic and prefrontal circuitry. According to this 
model, earlier maturation of the limbic system relative to less mature top-down 
prefrontal control areas, is related to increased risk-taking and diminished emo-
tional control during adolescence. All three models converge on explaining ado-
lescent behavior based on developmental differences in subcortical-prefrontal 
circuitry that may result in an imbalance or dominance of one system over another.
In line with these models, previous studies have reported a shift towards 
increased prefrontal control over subcortical regions with maturation in other 
domains of emotion-relevant processing (Heller, Cohen, Dreyfuss, & Casey, 2016; 
Vink, Derks, Hoogendam, Hillegers, & Kahn, 2014), including motor response inhi-
bition (Rubia et al., 2000; Stevens, Kiehl, Pearlson, & Calhoun, 2007), reward sen-
sitivity (Braams et al., 2015; Forbes et al., 2010; Urošević, Collins, Muetzel, Lim, & 
Luciana, 2012), and perceptual processing of emotional faces (Barbalat, Bazargani, 
& Blakemore, 2013; Hare et al., 2008; Monk et al., 2003; Somerville, Hare, & Casey, 
2011). These paradigms, however, do not investigate emotional control as an active 
process of overriding an automatic tendency in order to pursue a goal-directed 
CHAPTER 120
action. It therefore remains unclear whether developmental imbalances in the 
prefrontal-subcortical circuit are also responsible for altered control of emotional 
action tendencies during puberty. With adolescence being a time of heightened 
emergence of affective disorders (Kessler et al., 2007), this is particularly rele-
vant given that chronic failures in emotion action control are common in various 
psychopathologies, including anxiety (Heuer, Rinck, & Becker, 2007; Roelofs et al., 
2010; Roelofs, van Peer, et al., 2009) and aggression-related disorders (Bertsch et 
al., 2018; Volman et al., 2016; von Borries et al., 2012).
The Anterior Prefrontal Cortex – Amygdala Circuit
The anterior prefrontal cortex (aPFC) - amygdala circuit is central to studying 
adolescent development. The aPFC, also known as the frontal pole (Neubert, Mars, 
Thomas, Sallet, & Rushworth, 2014), matures up until the mid-twenties (Tamnes 
et al., 2010) – well past the ‘traditional’ adolescent period. Adult studies show 
that the aPFC plays a crucial role in emotion action control by down-regulating 
amygdala driven reactivity to emotional action tendencies (Bertsch et al., 2018; 
Volman, Roelofs, et al., 2011; Volman, Toni, et al., 2011; Volman et al., 2013). Adult 
aPFC control over limbic activity is modulated by endogenous testosterone levels 
(Volman, Toni, et al., 2011). Given the functional transition in the role of testos-
terone between adolescence and adulthood in connection with the developmental 
imbalance in this circuit, it serves as an important target for the investigation of 
maturational changes during puberty.
Stress
High sensitivity to the effects of stress is another important factor that makes the 
aPFC-amygdala circuit central to the study of adolescent development. In addition 
to the ongoing maturational processes, the prefrontal cortex and amygdala have 
high concentrations of glucocorticoid receptors, which are activated by stress 
(Dziedzic, Ho, Adabi, Foilb, & Romeo, 2014; Sapolsky, Romero, & Munck, 2000). 
This makes them particularly susceptible during adolescence, when hormonal 
stress sensitivity is enhanced (McCormick, Mathews, Thomas, & Waters, 2010; 
Romeo, 2017) and manifests as stress-related reductions in GMV (Brooks et al., 
2014; De Brito et al., 2013; Hanson et al., 2015; Hodel et al., 2015). While volumetric 
reductions in GMV, particularly in animals and adults, have been linked to the toxic 
effects of glucocorticoids causing dendritic spine loss or even cell death (Lupien, 
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McEwen, Gunnar, & Heim, 2009; Sapolsky, Krey, & McEwen, 1986), recent studies 
in adolescence have interpreted these changes in light of accelerated maturation 
of neural circuits associated with emotional processes (Callaghan & Tottenham, 
2016). This is thought to serve as an evolutionary prioritization of adult-like func-
tioning, aiming to ensure survival of the species (Belsky, Steinberg, & Draper, 
1991). However, prematurely fixating the brain into an adult-like configuration 
without being afforded the plasticity that comes with adolescence may have det-
rimental effects for later mental health outcomes. Indeed, stress has been linked 
to the development of traits that pose risk factors for the emergence of psychopa-
thology later in life (Cohen, Tottenham, & Casey, 2013; Fareri & Tottenham, 2016; 
Forbes, Tackett, Markon, & Krueger, 2016; Qin et al., 2014; Tottenham et al., 2010).
Taken together, previous studies point to the sensitivity and pivotal role 
of the aPFC-amygdala circuit during adolescent maturation. Therefore, the first 
objective of this thesis is to investigate the maturation of the aPFC-amygdala 
circuit on both the structural and functional level with respect to emotion 
control, pubertal development and stress (FIGURE 3). Investigating these rela-
tionships and trajectories is particularly relevant for understanding normative 
maturation as well as identifying potential risk factors for the development of 





FIGURE 3. Development of the aPFC-amygdala circuit during adolescence in relation to emotion 
control, stress and the organizational effects of testosterone. During mid- adolescence, aPFC con-
trol over amygdala activity is reduced. By late adolescence, the aPFC-amygdala circuit matures to-
wards more adult-like functioning while the organizational effects of testosterone decrease. High 
glucocorticoid concentration in the prefrontal cortex and amygdala make their development during 
adolescence highly susceptibility to both early-life and current stress. The shaded area represents 
sensitivity to the organizing effects of testosterone. The grey bar indicates the effect of stress on 
neural development.
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Threat and Stress Reactivity
Development of the HPA Axis
Puberty is marked by dramatic transitions in stress reactivity (Romeo, 2010b, 
2013). The rise in gonadal hormones, such as testosterone, during adoles-
cence further organizes the hypothalamic-pituitary-adrenal (HPA) axis into an 
adult-like response (Romeo, 2010a). Animal studies demonstrate that preadoles-
cents have an extended hormonal response to stressors, with a general decline in 
stress reactivity taking place as the organism progresses through puberty. A few 
studies in human adolescents have also shown increased sensitivity in the HPA axis. 
For example, increases in basal activity and stress reactivity have been demon-
strated during the transition into adolescence (Gunnar, Wewerka, Frenn, & Griggs, 
2009). In fact, it is the level of pubertal development, and not age, that has been shown 
to predict increased cortisol concentrations to a social-evaluative stressor during 
mid-adolescence (van den Bos, de Rooij, Miers, Bokhorst, & Westenberg, 2014).
Neural Correlates of Freeze
The HPA axis, along with the autonomic nervous system (ANS) is activated when 
a potential threat is detected. In many species, the automatic and evolutionarily 
ingrained response to threat results in the defensive cascade of freeze and fight/
flight responses (Blanchard, 2017; Gabrielsen, Blix, & Ursin, 1985; Kempster, Hart, 
& Collin, 2013). This cascade has evolved as a way of coping with threat and in-
creasing an animal’s chance of survival by reducing the likelihood of detection by a 
predator (Bracha, 2004), enhanced perception, hypervigilance to threat cues, risk 
assessment, and readiness for optimal and rapid fight/flight responses (Blanchard, 
Griebel, Pobbe, & Blanchard, 2011; Gladwin, Hashemi, van Ast, & Roelofs, 2016; 
Lojowska, Gladwin, Hermans, & Roelofs, 2015). Freezing is characterized by ab-
sence of movement (except eye movements and respiration), increased muscle 
tone, and heart rate deceleration (i.e., bradycardia; Fanselow, 1994; Schenberg, 
Corral Vasquez, & da Costa, 1993).
A freezing response is initiated when the parasympathetic branch of the 
ANS puts a break on the sympathetically-driven fight/flight system (Kozlowska, 
Walker, McLean, & Carrive, 2015; Roelofs, 2017). While most neural insights 
are derived from animal models, there are striking similarities in the core 
phenomenology and neural mechanisms of freezing behavior in animals and 
humans (Roelofs, 2017). The periaqueductal grey (PAG) is implicated in response 
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to both threat and threat-approach responses (for review on studies in humans see: 
Patrick et al., 2019). Specifically, lesion and stimulation studies in rodents suggest 
that the ventrolateral periaqueductal grey (vlPAG) is responsible for freezing (Kim, 
Rison, & Fanselow, 1993; Vianna, Graeff, Landeira-Fernandez, & Brandão, 2001; 
Walker & Carrive, 2003), whereas the dorsal or dorsolateral (dl) PAG is involved 
in generating fight/flight responses (Keay & Bandler, 2001). Indeed, whereas 
amygdala projections to the dlPAG activate flight/flight responses, amygdala 
projections to the vlPAG inhibit dlPAG output, thus resulting in immobility – the 
central aspect of a freeze response (Keay & Bandler, 2001; Tovote et al., 2016; 
Walker & Carrive, 2003). Bradycardia, often observed during threat anticipatory 
freezing in animals, is due to the vlPAG activating the vagal pathway to generate 
parasympathetically- driven heart rate deceleration (Farkas, Jansen, & Loewy, 
1997; Walker & Carrive, 2003). The switch from freeze to fight/flight responses 
is likely initiated by the amygdala, which inhibits the vlPAG and releases the brake 
on the sympathetic system (Gozzi et al., 2010). Animal and human work suggests 
that this switch is facilitated by projections from the ventromedial prefrontal 
cortex (vmPFC) and the anterior cingulate cortex (ACC) to the amygdala (Gozzi et 
al., 2010; Hashemi et al., 2019; Tovote, Fadok, & Lüthi, 2015).
Rodent studies demonstrate that the maturation of the HPA axis and in-
creased corticosterone levels are critical in the development of threat-related 
freezing responses (Santiago, Aoki, & Sullivan, 2017; Takahashi & Rubin, 1993). 
In particular, increased corticosterone triggers threat-induced amygdala activa-
tion, which enables the initiation of the freeze response (Santiago et al., 2017). 
During adolescence, the mPFC takes on a progressively functional role and starts 
to modulate PAG activity and regulate freezing behavior (Chan et al., 2011).
While the development of the freezing response and the neural network 
sub-serving its regulation has previously been demonstrated in rodents, human 
studies are lacking. Given the relationship between aberrant freezing and in-
creased anxiety and risk for posttraumatic stress symptoms (Bovin, Jager-Hyman, 
Gold, Marx, & Sloan, 2008; Kozlowska et al., 2015; Roelofs, Hagenaars, & Stins, 
2010) it is important to qualify the neural circuits related to freezing during a time 
of already heightened risk for the development of stress-related psychopathology. 
Therefore, the second objective of this thesis is to test early-life freezing re-
sponses as a psychobiological marker for the development of internalizing 
symptomology, as well as to define the adolescent neural circuitry under-
pinning threat-induced freezing reactions.
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Aim and Outline of the Thesis
The overarching aim of this thesis was to investigate maturation of emo-
tional control in an interdisciplinary fashion. This central aim had two main 
objectives: 1) to investigate the structural and functional maturation of the 
aPFC-amygdala circuit with respect to emotion control, pubertal development 
and stress (Chapters 2, 3, and 4); and 2) to test early-life freezing as a marker for 
the development of internalizing symptomology and define the adolescent neural 
substrates of the freeze response (Chapters 5 and 6).
To achieve these objectives, I used a longitudinal design incorporated into 
the Nijmegen Longitudinal Study (NLS). This unique prospective study began in 
1998 with a community-based sample of 129 infants (age 15 months, 52% boys) 
and their parents. Participants were recruited via local health-care centers in 
Nijmegen (the Netherlands) and were representative of the Dutch population 
(van Bakel & Riksen-Walraven, 2002a, 2002b, 2004). Since then, the participants 
have been followed every one to three years (ages 2.5, 5, 7, 9, 12, 13, 14, 16, and 17) 
with assessments of their emotional, social, and cognitive development. These 
assessments included home, school, and laboratory visits not only with the par-
ticipants, but also their parents, peers, and teachers. At age 14, participants were 
tested in the MRI for the first time; this assessment was followed up again at 
age 17. The NLS is an ongoing longitudinal study, having recently completed its 
11th testing wave, with participants having reached young adulthood (age 20). It 
continues to investigate the neuro- and psycho-development and functioning of 
individuals throughout the lifespan.
Below is a brief outline of the studies discussed in the following chap-
ters. First, Chapter 2 investigates whether and how the general developmen-
tal im balance in prefrontal-subcortical maturation applies to the control of 
social-emotional actions – a fundamental adult skill refined during adolescence. 
To this end, I implemented the fMRI-adapted social AA task to identify the neural 
regulation of emotional action control in 14-year-old adolescents belonging to 
the NLS. I tested the hypothesis that pubertal maturation (indexed by salivary 
testosterone levels) would be related to a developmental shift from subcortical 
to prefrontal control.
The transition to more adult-like aPFC control of emotions was inves-
tigated in Chapter 3. In this chapter, I test the functional development of the 
 aPFC-amygdala circuit with respect to pubertal maturation. The same participants 
were tested again at age 17 with the fMRI AA task and provided saliva samples 
for testosterone level measurements. Using this longitudinal protocol, I could 
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specifically test the hypothesis that the organizational effects of pubertal testos-
terone decrease between mid- and late- adolescence with respect to aPFC-amygdala 
neural control in human adolescents. The results of this chapter provide the first 
stepping-stone to mapping the changing role of testosterone across development 
– from adolescence to adulthood.
Next, in Chapter 4, I investigated how early and current stress affects mat-
uration of brain structure between mid- and late- adolescence. Animal and human 
studies have shown that both early-life traumatic events and ongoing stress epi-
sodes affect neurodevelopment, however, it remains unclear whether and how they 
modulate normative adolescent neuro-maturational trajectories. To answer this 
question, I delineated the effects of stressor timing (early vs. current) and stressor 
type (personal vs. social environment) and looked at changes in GMV over time. 
It is critical to disambiguate the precise nature of these effects since volumetric 
changes may be the result of the differential effects of current stress and stress 
experienced early in life, different maturational profiles of prefrontal and limbic 
structures, and the interaction between stress occurrence and developmental 
state. I predicted that generally more exposure to stress would result in more GMV 
changes over time. Specifically, I tested the accelerated maturation hypothesis, 
stating that early-life stress would speed up neural development during adoles-
cence, particularly in emotion control regions such as the aPFC and amygdala.
In Chapters 5 and 6, I investigate the threat-induced freezing response. 
First, in Chapter 5, we investigate the infant freeze response as a potential psycho-
biological marker for the development of internalizing symptoms. Whereas initial 
freezing is an adaptive response to threat, aberrant freeze responses can signal 
the development of psychopathology later in life. In this chapter, we rated video 
observations of 1-year-old children from the NLS during a robot confrontation 
task — a standard challenge for children at this age. We then tested prospectively 
whether freeze responses predicted the development of internalizing symptoms 
from childhood to late adolescence (age 17). Since stressful life experiences are 
known to interact with an individual’s vulnerability to develop psychopathology, 
we also tested whether early or late social stress moderated this relationship. 
We hypothesized that early alterations in infant freezing, on its own or in inter-
action with experienced stress, would predict increased internalizing symptoms 
in  adolescence.
In Chapter 6, I investigate the neural, physiological, and behavioral cor-
relates of the anticipatory freeze response and subsequent switch to action in 
17-year-old adolescents. Although recent studies have translated animal models 
of freeze-fight reactions to humans, the development of these automatic defense 
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responses in humans remains unknown. To test these effects, I use an fMRI-adapted 
shooting task previously used to induce threat-anticipatory freezing and switch 
to active fight responses in adults. I hypothesized that in 17-year old adolescents, 
threat (of shock) would elicit freezing-related bradycardia and the involvement of 
the PAG-amygdala circuit. Next, I expected that the switch from freeze to shooting 
responses would be related to activation of the perigenual ACC. I further planned 
to explore the involvement of the neural circuitry underlying freezing and switch-
to-action responses and pubertal maturation (i.e., testosterone levels).
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Increased limbic and striatal activation in adolescence 
has been attributed to a relative delay in the maturation 
of prefrontal areas, resulting in the increase of impulsive 
reward-seeking behaviors often observed during puberty. How-
ever, it remains unclear whether and how this general develop-
mental pattern applies to control of social- emotional actions, 
a fundamental adult skill refined during adolescence. This 
domain of control pertains to decisions involving emotional 
responses. When faced with a social- emotional challenge (e.g., 
an angry face), we can follow automatic response tendencies 
and avoid the challenge, or exert control over those tenden-
cies by selecting an alternative action. Using an fMRI-adapted 
social Approach-Avoidance (AA) task, this study identifies how 
the neural regulation of emotional action-control changes as a 
function of human pubertal development in 14-year-old ado-
lescents (n=47). Pubertal maturation, indexed by testosterone 
levels, shifted neural regulation of emotional actions from the 
pulvinar nucleus of the thalamus and the amygdala to the ante-
rior prefrontal cortex (aPFC). Adolescents with more advanced 
pubertal maturation showed greater aPFC activity when con-
trolling their emotional action tendencies, reproducing the 
same pattern consistently observed in adults. In contrast, ad-
olescents of the same age but with less advanced pubertal mat-
uration showed greater pulvinar and amygdala activity when 
exerting similarly effective emotional control. These findings 
qualify how, in the domain of social-emotional actions, exec-
utive control shifts from subcortical to prefrontal structures 
during pubertal development. The pulvinar and the amygdala 
are suggested as the ontogenetic precursors of the mature 




Adolescence is often characterized by reward- and sensation-seeking behaviors 
(Harden & Tucker-Drob, 2011; Steinberg et al., 2008). The increased occurrence 
of those behaviors during puberty has been linked to a relative imbalance in the 
maturation of prefrontal areas compared to already well-developed striatal struc-
tures, resulting in reduced goal-directed control during decision-making processes 
(Braams et al., 2015; Defoe et al., 2014). However, it remains unclear whether de-
velopmental imbalances in the same fronto-striatal circuits are also responsible 
for the altered control of emotional action tendencies observed during puberty 
(Ernst & Fudge, 2009). This study addresses the largely unexplored issue of how 
emotional action-control is neurally implemented during puberty.
We know that, in adults, the lateral anterior prefrontal cortex (aPFC; also 
known as lateral frontal pole (Neubert et al., 2014)) plays a crucial role in emotional 
action-control by down-regulating emotional action tendencies in the amygdala 
(Volman, Roelofs, et al., 2011; Volman et al., 2013). However, the aPFC and its con-
nections to limbic structures develop relatively late in puberty (Tamnes et al., 
2010). During that phase, emotional control might be coordinated by a number of 
subcortical structures showing faster maturation and strong responses to emo-
tional processing. Besides well-known contributions from the amygdala and the 
striatum (Pfeifer et al., 2011; Scherf, Smyth, & Delgado, 2013), recent work has 
shown that the dorsomedial pulvinar nucleus of the thalamus is necessary for emo-
tional processing (Ward, Calder, Parker, & Arend, 2007). Namely, by virtue of the 
colliculo–pulvino–amygdalar pathway (Morris, Öhman, & Dolan, 1999; Tamietto, 
Pullens, De Gelder, Weiskrantz, & Goebel, 2012) and its extensive connectivity with 
fronto-parietal areas (Arcaro, Pinsk, & Kastner, 2015) the dorsomedial pulvinar is 
well-placed for providing an alternative pathway to the frontal-amygdalar circuit 
controlling emotional action tendencies in adults (Arend, Henik, & Okon-Singer, 
2015; Barron, Eickhoff, Clos, & Fox, 2015). The pulvinar’s neurophysiological prop-
erties support this possibility, including rapid neuronal responses to visual facial 
features (Nguyen et al., 2013) and a coordinating role across frontal, parietal, and 
temporal areas during movement selection (Saalmann et al., 2012; Wilke et al., 
2010). However, it remains unclear whether and how the pulvinar is involved in 
emotional processing when the aPFC is not yet sufficiently mature to implement 
flexible goal-directed control of emotional action tendencies.
Here we address this issue by exploiting a task that has repeatedly shown 
to robustly capture behavioral and cerebral correlates of emotional control (Rinck 
& Becker, 2007; Roelofs, Minelli, et al., 2009; Volman, Roelofs, et al., 2011; Volman, 
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Toni, et al., 2011; Volman et al., 2013). The Approach Avoidance (AA) Task requires 
participants to evaluate the emotional expression (happy, angry) of faces and to 
respond by either pulling a joystick toward (approach) or away (avoidance) from 
themselves. Affect-congruent conditions involve automatic stimulus-response 
mappings (i.e., approach–happy and avoid-angry faces) (FIGURE 1). In contrast, 
affect-incongruent conditions require participants to apply emotional control, 
namely override those emotional action tendencies and select an alternative action 
in order to meet task demands (approach–angry and avoid–happy faces). We use 
this task in a group of 14 year olds. This age marks a pubertal stage when sexual 
maturation is completing in both sexes, but behavioral, emotional and cerebral 
development can still widely differ between individuals (Crone, Bullens, van 
der Plas, Kijkuit, & Zelazo, 2008; Giedd et al., 1999; Monahan & Steinberg, 2011). 
Accordingly, we quantify pubertal development with an endogenous physiologi-
cal marker, salivary testosterone, sensitive to those inter-individual differences 
(Berenbaum & Beltz, 2011; Forbes & Dahl, 2010; Giedd et al., 2006), and mechanis-
tically involved in mediating neural development (Herting et al., 2014; Nguyen et 
al., 2013; Sisk & Zehr, 2005). We expect that relatively less-mature 14 year olds con-
trol their emotional action tendencies by relying on a pulvino-amygdalar system. In 
contrast, developmentally more advanced 14 year olds might be able to access the 
prefrontal-amygdalar control system used by adults (Volman, Roelofs, et al., 2011).
Materials and Methods
Participants
Forty–nine 14 year-old right-handed adolescents (TABLE 1) participated in the study. 
All participants had normal or corrected to normal vision, no history of prior 
psychiatric disorders or neurological illness (as indicated by parent/guardian 
report). Participants were recruited from the Nijmegen Longitudinal Study on 
Infant and Child Development (NLS). Two participants were excluded due to tech-
nical problems (poor MRI image quality), resulting in 47 participants (21 males) 
that were included in the final analyses. Written informed consent was obtained 
from parents as well as from participants. The study was approved by the local 
ethics committee (CMO region, Arnhem, The Netherlands).
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TABLE 1. Demographic Information: Testosterone levels (pg/ml), PDS, and age per gender
Testosterone T1 Testosterone T2 PDS score Age
Boys 39.4 (31.53) 42.2 (24.77) 2.4 (0.63) 14.55 (0.10)
Girls 10.7 (6.28) 11.66 (9.25) 2.6 (1.02) 14.61 (0.18)
Values represent the mean (SD). Testosterone T1 and T2 represents the first and second salivary 
measurement (respectively). Testosterone values between the first and second measurement did not 
differ significantly either for boys, t(19) = -0.99, p= .333 or girls, t(25) = -0.66, p = .514. Testosterone 
T1 levels were used for subsequent analyses.
Experimental Task
During the AA Task participants were presented with emotional faces, which 
they had to evaluate based on their affective expressions (happy, angry). They 
responded using a joystick, pushing it toward themselves (approach) or away 
from themselves (avoid). After making a response, participants had to return the 
joystick to its starting position (defined as the central area covering 15% along 
the sagittal plane) before the end of the inter-trial-interval (ITI; 2-4 s). If this did 
not happen, participants received visual feedback stating “return the joystick to 
the starting position”; the ITI was repeated after the joystick was returned to its 
correct position. Responses were considered valid when the joystick was displaced 
at least 65% along the sagittal plane and were delivered within 3 s following sti-
mulus presentation. Invalid responses were signaled for 1 s with visual feedback 
indicating “you did not move your joystick far enough”.
The task consisted of 16 blocks, 12 trials each. After each block there 
was a baseline period (21-24 s). There were 2 block types/response mappings 
(affect- congruent, affect-incongruent) and 4 affect × response combinations, namely 
happy-approach, angry-avoid (affect-congruent) and happy-avoid, angry-approach 
(affect-incongruent). At the start of each block, the participant was instructed on 
the required response mapping. The block type of the first block was counterbal-
anced across participants, with the sequential blocks always switching between 
the two block types. Affective expressions and gender types (of faces) were pseu-
dorandomly and evenly distributed within each block, with no more than 3 con-
secutive presentations of each. During the training part of the task, 4 blocks were 
presented with 8 trials each. Each block consisted of the same affect × response 
combinations. The training phase did not contain the same visual stimuli as the 
experimental task.
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FIGURE 1. Approach Avoidance Task (Volman, Roelofs, et al., 2011; Volman et al., 2013). The response 
action to an emotional face is associated with an approach (pull toward) or avoidance (pull away) 
movement and can be either congruent or incongruent with the automatic tendency elicited by the 
face. Affect-congruent conditions (approach-happy, avoid-angry) overlap with the automatic tendency 
to approach something positive and avoid something negative. However, during affect-incongruent 
conditions these emotional tendencies need to be controlled in order to perform the opposite action 
(avoid-happy, approach-angry).
Materials and Apparatus
The fMRI data was acquired on a Siemens 3 Tesla MAGNETOM Trio MRI scanner 
(Siemens Medical system, Erlangen, Germany) using a 32 channel coil. The acquisi-
tion of the functional scans was performed with a multi-echo echo-planar imaging 
(EPI) sequence (TR = 2190 ms; TE = 9.3 ms, 20.9 ms, 32 ms, 44 ms; flip angle = 90°; 
34 transversal slices, 3.3 × 3.3 × 3.0 mm voxels, FoV = 212 mm). This type of par-
allel imaging technique for functional images allows a significant reduction in the 
echo train length which reduces motion artifacts and image distortion. It improves 
BOLD sensitivity especially in brain regions that would be typically compromised 
by the use of a single short TE. Finally, the reduced distortion allows better coreg-
istration of functional and anatomical data (Posner, et al., 2006). Structural T1 
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images were acquired using a MPRAGE sequence (TR = 2300 ms, TE = 3.03 ms, 
192 sagittal slices, 1.0 × 1.0 × 1.0 mm voxels, FoV = 256 mm).
An MR-compatible joystick (Fiber Optic Joystick, Current Designs), with 
a sampling rate around 550 Hz, was placed on the abdomen of the participants 
to ensure comfortable push and pull movements. The visual stimuli consisted of 
faces from 36 models (18 male) taken from several databases (Ekman & Friesen, 
1976; Lundqvist, Flykt, & Öhman, 1998; Martinez & Benavente, 1998; Matsumoto 
& Ekman, 1988). Each model showed two affective expressions (happy, angry). The 
pictures were in grayscale, matched for brightness and contrast values, and dis-
played against a black background. To exclude influence from hair and non-facial 
contours, the faces were trimmed (Roelofs, Minelli, et al., 2009). The stimuli were 
projected at the center of a screen, viewed via a mirror above the subject’s head, 
with a visual angle of 4° × 6° (width × height). Stimuli presentation and acquisition 
of joystick positions were controlled by a PC running Presentation software version 
10.2 (http://www.neurobs.com).
Procedure
Participants arrived at the laboratory with a parent. Before the experiment began, 
participants had the option of familiarizing themselves in a dummy scanner 
(a simulation scanner that lacks the MRI scanner’s magnetic field). Next, they 
completed several questionnaires dealing with mood, depression, and puberty. 
This was followed by the collection of saliva samples, after which the participants 
were positioned in the MRI scanner. The participants completed one additional 
non-emotional task in the MRI scanner before starting the experimental task. To 
familiarize them with the setup of the AA Task, a short training was completed 
(10 minutes). This was immediately followed by the fMRI session (20 minutes) and 
an anatomical scan (5 minutes). At the end of the fMRI session, saliva measure-
ments were collected again, followed by 2 additional tasks outside the MRI scanner.
Pubertal Development Measures
Following Volman et al (2011), saliva samples for testosterone (TABLE 1) and cortisol 
measurements were collected by passive drool of approximately 2 ml into Salicap 
(IBL, Hamburg) containers, which were then stored at -24°C. Testosterone con-
centration was measured using a competitive chemiluminescence immunoassay 
(LIA) with a sensitivity of 0.0025 ng/mL (IBL). The intra-assay and inter-assay 
coefficients are between 10% and 12%. Cortisol concentration was measured 
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using a commercially available chemiluminescence immunoassay (CLIA) with high 
sensitivity of 0.16 ng/mL (IBL, Hamburg, Germany). For this assay, the intra and in-
terassay coefficients are less than 8%. Participants were instructed to refrain from 
any food, cigarettes, and drinks (except water) at least 1 hour before the experiment. 
Testosterone levels undergo changes during the day-night cycle with the largest 
variations for mid-pubertal boys during the night (Albertsson-Wikland et al., 1997) 
and peak testosterone levels for girls occurring in the early morning (Ankarberg 
& Norjavaara, 1999). The study design minimized the effects of those fluctuations 
on testosterone level estimation by sampling this hormone in duplicate, taken two 
hours apart, after 10:00 am, resulting in consistent measurements across these 
two timepoints.
Participants filled out the Puberty Development Scale (PDS; Petersen, 
Crockett, Richards, & Boxer, 1988) - a self-report questionnaire that contains 
questions on secondary sexual characteristics (TABLE 1). Participants indicated 
on a 4 point scale whether a physical characteristic (1) has not yet developed, 
(2) is slightly developed, (3) is moderately developed, (4) is mature or that they do 
not know at which stage of development the given physical characteristic is. Puberty 
scores are based on body growth, pubic hair, skin changes, voice change and facial 
hair (boys), and breast development and menarche (girls; Petersen et al., 1988).
Behavioral Analysis
The behavioral data was analyzed with Matlab2012 (Mathworks, Natick, MA) and 
IBM SPSS Statistics 19 (IBM Corp., Armonk, NY). To obtain a reliable measure of the 
movement onset, joystick movement was reconstructed from the joystick displace-
ment measures on each trial (according to Volman, Toni, et al., 2011). Reaction time 
(RT) was defined as the time from picture presentation to movement onset. Trials 
with no response or a joystick movement in the incorrect direction were excluded 
from further analysis as well as trials with an extreme RT (< 150 ms and > 1500 ms), 
RT more than 3 standard deviations (SD) from the mean, and an error rate above 
chance level in a block (in which instance the entire block was excluded). To correct 
for a skewed distribution of the RT, a log transformation was applied. Mean RTs 
were calculated for each level of the two experimental factors [Valence (happy, 
angry) and Response (approach, avoid)]. The error rate (ER, in percentage) anal-
ysis included trials with either no response or a joystick movement in the wrong 
direction. Mean ERs were also calculated for each level of the two experimental 
factors. Log-transformed and standardized per Group (boys, girls) testosterone 
and cortisol levels from the first salivary measures were included in the model as 
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covariates – with testosterone as a covariate of interest (see Volman, Toni, et al., 2011). 
A 3-way repeated measures multivariate analyses of variance with factors Group 
(boys, girls), Response (approach, avoid) and Valence (happy, angry) was conducted 
on the RT and ER separately; with testosterone and cortisol included in the model as 
covariates - testosterone as a covariate of interest. The alpha level was set at p = .05.
fMRI Preprocessing and Analysis
Functional data was preprocessed and analyzed using the Matlab toolbox SPM8 
(Statistical Parametric Mapping, www. fil.ion.ucl.uk/spm). The first 4 volumes 
were discarded to control for T1 equilibration effects. The multi-echo sequence 
acquired four echoes per volume at every time point. The head motion parameters 
were estimated on the MR images with the shortest echo time (9.4 ms) since these 
images are the least affected by possible artifacts in the multiecho GRAPPA MR 
sequence (Poser, Versluis, Hoogduin, & Norris, 2006). The calculated correction 
parameters, estimated using a least-squares approach with 6 rigid body transfor-
mation parameters (translations, rotations), were applied to the remaining echoes 
of the same volume. Using an optimized echo weighing method (the first 30 time 
points acquired before the actual experiment started), the 4 echoes were combined 
into a single volume. To correct for time differences in the acquisition of slices 
within a volume, the time courses of each voxel were realigned to the middle slice 
(slice 17). The T1–weighted image was coregistered to the mean of the functional 
images. Subsequently, the T1–weighted images were segmented into grey matter, 
white matter, and cerebrospinal fluid (CSF) using the “New Segment” tool in SPM8. 
To achieve more accurate spatial normalization given the relatively young age of 
the participants, the fMRI time series was normalized and smoothed with the 
use of a group-specific template. Diffeomorphic anatomical registration through 
exponentiated lie algebra (DARTEL; Ashburner, 2007) was used for intersubject 
registration of the grey matter images. The fMRI time series was then transformed 
and resampled at an isotropic voxel size of 2 mm, resulting in spatially normalized, 
Jacobian scaled, and smoothed (8 mm FWHM Gaussian kernel) images in Montreal 
Neurological Institute (MNI) space.
Multiple Regression fMRI Analysis
The fMRI time series were analyzed in an event-related design within the general 
linear model (GLM). The vectors describing the onset and duration of each condi-
tion (approach-happy, approach-angry, avoid-happy, avoid-angry) were convolved 
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with a canonical hemodynamic response function. Trials excluded from behavioral 
analysis were modeled with a separate regressor (“misses”), as well as those with 
instructions or feedback (“info”), resulting in 6 task-related regressors in the SPM 
multiple regression analysis. Residual head movement-related effects were mod-
eled using the original, squared, cubic, first-order, and second-order derivates 
of the movement parameters estimated with the spatial realignment procedure 
(Lund, Nørgaard, Rostrup, Rowe, & Paulson, 2005). Time courses of signal intensi-
ties of white matter, cerebrospinal fluid, and the portion of the MR image outside 
the skull were included as 3 additional regressors. This procedure accounts for 
image intensity shifts due to movement of the hand within or near the magnetic 
field of the scanner (Verhagen et al., 2006). The fMRI time series were high-pass 
filtered (128 s cutoff) and a first-order autoregressive model was used to account 
for temporal autocorrelation.
Contrast images of the effects of interest (approach–happy, approach–angry, 
avoid-happy, avoid-angry) were generated per subject and entered into a random 
effects multiple regression analysis. Log-transformed and standardized per gender 
testosterone levels and cortisol levels were included in the multiple regression 
analysis as subject, group, and condition-specific covariates – with testosterone 
as a covariate of interest (Volman, Toni, et al., 2011).
In accordance with previous adult studies (Roelofs, Minelli, et al., 2009; 
Volman, Toni, et al., 2011; Volman et al., 2013), we tested for a congruency effect; here 
specifically, whether testosterone differentially modulated the congruency effect. The 
congruency effect represents the task related differences during affect-incongruent 
(approach-angry, avoid-happy) compared to affect-congruent (approach-happy, 
avoid-angry) trials. In addition to the whole brain analyses, we tested for congru-
ency effects within the aPFC and amygdala – regions sensitive to the congruency 
effect in previous adult studies (Volman, Toni, et al., 2011; Volman et al., 2013). For 
the lateral aPFC, we used a region of interest (ROI) mask of the lateral frontal pole 
(lateral aPFC) taken from the frontal cortex parcellation atlas of Neubert et al. (2014). 
The amygdala ROI was defined on the basis of the AAL Atlas (Tzourio-Mazoyer 
et al., 2002). Activations were corrected for multiple comparisons using family-wise 
error (FWE). Whole-brain analysis inferences were made at the cluster level 
(pFWE < .05), based on a cluster-forming threshold of p < .001 (uncorrected). For 
ROI analyses a small volume correction was performed (SVC: p < .05). Anatomical 
inference was drawn by superimposing the SPM images on a standard SPM 
single- subject T1 template and subject specific T1 scans standardized in MNI space.
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Functional Connectivity Analysis
Following the fMRI results, we explored whether the subcortical – prefrontal maturational 
shift is also present in interregional connectivity as a function of pubertal develop-
ment. We performed a psychophysical interaction (PPI) analysis (Friston et al., 1997) 
with the right amygdala as a seed region during the affect-incongruent versus affect- 
congruent conditions of the AA Task (see fMRI Results – Multiple Regression Analysis). 
Congruency effect scores (i.e., difference scores between affect-incongruent 
and affect-congruent conditions) from ERs and RTs, and testosterone levels (log 
transformed) were standardized per gender and used as covariates of interest. 
Voxels included in the amygdala seed region were selected for each participant based 
on a sphere (8mm radius) around the peak voxel of the group-level testosterone- 
modulated activation for the congruency effect (coordinates: 26,-2,-14). Contrast 
images were generated per participant for the PPI between the seed region time 
courses and affect-incongruent versus affect-congruent conditions. A multiple re-
gression analysis was performed with participant-specific contrast images and 
corresponding testosterone, ER and RT congruency effect scores as group-specific 
regressors. Next to a whole brain analysis, we performed an ROI analysis for the 
right thalamus, based on the AAL Atlas (Tzourio-Mazoyer et al., 2002). The choice 
of a unilateral mask was based on previous animal and human studies showing 
ipsilateral thalamic connections to subcortical areas, including the amygdala 
(Leh, Chakravarty, & Ptito, 2008; Mehler, 1980; Tamietto et al., 2012). Given our 
apriori interest in this pathway, we used a mask ipsilateral to the seed region.
VBM Analysis
The anatomical images were manually checked for significant anatomical ab-
normalities and scanner artifacts and were aligned to the anterior commissure 
at the origin. Next, the anatomical images were segmented into grey matter, 
white matter, and cerebrospinal fluid (CSF) using the “New Segment” tool in 
SPM8. Diffeomorphic anatomical registration through exponentiated lie algebra 
(DARTEL, Ashburner, 2007) was used for intersubject registration of the grey 
matter images. The registered images were smoothed (8 mm FWHM Gaussian 
kernel, Jacobian scaled, threshold at 0.2) and transformed into MNI space. The 
grey matter images were entered into a 2nd level multiple regression analysis with 
testosterone (standardized and log-transformed per gender) as a covariate of in-
terest. Gender and TBV (total brain volume; i.e., total grey matter and white matter 
volumes) were included in the model as covariates of no interest. All statistical 
tests were carried out on the voxel level, family-wise error corrected for the whole 
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brain or across all voxels in a region of interest, small volume corrected. Our ROIs 
were those that were found to be significantly modulated by testosterone in the 
fMRI analysis. We used masks from the Automated Anatomical Labelling (AAL) 
Atlas (Tzourio-Mazoyer et al., 2002) for the thalamus and amygdala and the mask 
of the lateral frontal pole used in the fMRI analysis (Neubert et al., 2014).
Results
Behavioral Results
Significant Valence × Response interactions for RTs (F(1,43) = 17.44, p < .001, 
η2p = .289) and ERs (F(1,43) = 4.721, p = .035, η2p = .099) confirmed AA task con-
gruency effects as reported previously, driven by longer reaction times and more 
errors for affect-incongruent compared to affect-congruent responses (TABLE 2). 
These behavioral congruency effects did not significantly interact with testoster-
one (F(1,43) = 0.097, p = .757) or gender (F(1,43) = 0.008, p = .928). Additionally, 
there were significant main effects of Valence (F(1,43) = 38.366, p < .001), Response 
(F(1,43) = 27.46, p < .001), Group (F(1,43) = 7.352, p = .01), and Testosterone 
(F(1,43) = 4.745, p = .035) for RTs. Furthermore, testosterone significantly inter-
acted with Valence (F(1,43) = 6.8, p = .012) and Response (F(1,43) = 5.018, p = .03) on 
RTs and with Valence (F(1,43) = 5.454, p = .024) for ERs indicating faster responses 
to happy faces, faster avoidance, and more errors on angry faces in individuals with 
lower testosterone levels. A correlational analysis between testosterone levels and 
PDS scores revealed a positive relationship (r = .29, p = .048), confirming that higher 
testosterone levels are associated with higher puberty scores (Huang et al., 2012).
TABLE 2. Reaction times (milliseconds) and error rates (percentage) in the AA Task for approach and 
avoidance movements in response to happy and angry faces.
Approach Avoid
RT Happy 622 (16) 679 (16)
Angry 673 (19) 679 (17)
Error rate Happy 6.4 (0.5) 8.4 (0.9)
Angry 8.7 (1.2) 6.7 (0.8)




The congruency effect in the right aPFC (local maximum: 40, 58, -6) was positively 
modulated by testosterone, indicating that high testosterone adolescents showed a 
stronger aPFC effect for incongruent compared to congruent trials. In contrast, the 
congruency effect in the thalamus (local maximum: -8, -20, 16) and right amygdala 
(local maximum: 26, -2, -14) showed significant negative modulations by testoster-
one (see TABLE 3 for all effects). The Automated Talairach Atlas (Lancaster et al., 
2000) and anatomical specifications by Arcaro, Pinsk, & Kastner (2015) indicate 
that the activation cluster in the thalamus covered the dorsal pulvinar nucleus, 
the lateral dorsal nucleus and midline nucleus. A confirmatory ROI analysis on the 
pulvinar (mask extracted from the Automated Talairach Atlas) indicated a bilateral 
significant modulatory effect of testosterone (local maximum left: -10, -24, 16, 
voxel extent: 14, SVC pFWE = .028; local maximum right: 24, -24, 12, voxel extent: 8, 
SVC pFWE = .037). In summary, high testosterone individuals showed relatively 
stronger aPFC congruency effects, whereas low testosterone participants showed 
relatively stronger congruency effects in the pulvinar and amygdala (FIGURE 2).
Next, we verified whether those individuals who have high aPFC congruency 
effects are also those with low subcortical congruency effects, and vice versa. 
We tested for a testosterone-modulated interaction between activity in aPFC and 
pulvinar. A 2-way repeated measures analysis of variance with factors Congruency 
(incongruent, congruent) and Region (aPFC, pulvinar), and Testosterone as covari-
ate of interest was conducted on parameter estimate values extracted from the peak 
coordinates of the given regions. An additional model considered parameter esti-
mates from the amygdala instead of the pulvinar. A significant Congruency × Region 
× Testosterone interaction indicated that testosterone predicted stronger aPFC 
congruency-related effects in those participants with weaker congruency-related 
effects in the pulvinar (F(1,45) = 18.17, p < .001, η2p = .288) and in the amygdala 
(F(1,45) = 17.72, p < .001, η2p = .282) (FIGURE 2D). Post hoc confirmatory analyses 
verified this effect separately within each participant gender. For both boys and 
girls significant Congruency × Region × Testosterone interactions were found 
for parameter estimates from the aPFC - pulvinar (boys: F(1,19) = 6.12, p = .023, 
η2p = .243; girls: F(1,24) = 11.94, p = .002, η2p = .332) and aPFC - amygdala (boys: 
F(1,19) = 5.02, p = .037, η2p = .209; F(1,24) = 13.40, p = .001, η2p = .358).
A VBM analysis assessed whether the fMRI effects reported above could 
be accounted for by brain structural differences related to pubertal development. 
There were no significant testosterone-related differences in grey matter in the 











































Puberty Status (Testosterone Level) 
FIGURE 2. Cerebral distribution of significant testosterone modulated congruency effects 
(Incongruent > Congruent trials) across the sample of 47 participants. BOLD congruency effects de-
creased as testosterone levels increased in the thalamus (panel a, pFWE < .05) and in the amygdala (panel b, 
SVC pFWE < .05). BOLD congruency effects increased as testosterone levels increased in the aPFC 
(panel c, SVC pFWE < .05). Panel d: Mean-adjusted BOLD congruency effects (incongruent > congruent) 
in the aPFC (green) and pulvinar (blue) as a function of testosterone level (as an indicator of pubertal 
status). Dots represent the effect size of the congruency effect of each participant.
Functional connectivity
We performed a post hoc analysis to test for the presence of changes in coupling 
between the amygdala and pulvinar during emotional action-control. We con-
ducted a psycho-physiological interaction analysis, with the right amygdala as seed 
region, and the congruency effect as a psychological factor. Following (Volman, Toni, 
et al., 2011), the connectivity strength for incongruent versus congruent trails 
was evaluated as a function of testosterone and - for the purpose of the present 
study - combined with task performance. The latter was indexed with the congruency 
effects (incongruent vs. congruent trials) observed in error rate (ER) and in re-
action times (RT). We tested for the combined effects of testosterone and perfor-
mance on amygdala-pulvinar connectivity as indexed by testosterone and ER and 
by testosterone and RT. There were no significant results when searching over 
the whole brain. We conducted a ROI analysis using a right thalamic mask which 
indicated that the connectivity strength between the right amygdala and right 
pulvinar (local maxima: 18, -20, 18,) changed as a function of the combined effect of 
testosterone and error rates (extent: 8 voxels, SVC pFWE = .043). A confirmatory ROI 
analysis using a right pulvinar mask (Automated Talairach Atlas mask) indicated 
a significant effect in the right pulvinar (local maxima: 18, -24, 16, voxel extent: 3, 
SVC pFWE = .022). In summary, the amygdala-pulvinar connectivity of individuals 
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with higher testosterone levels changed as a function of emotional control, namely 
in adolescents with higher testosterone levels, higher error rates during incongruent 
vs. congruent trials were associated with stronger positive coupling between the 
amygdala and pulvinar (FIGURE 3).

















































FIGURE 3. Functional coupling between the amygdala and pulvinar (a) changed as a function of per-
formance (b). Individuals with higher testosterone levels had stronger positive coupling between 
the amygdala and pulvinar, as a function of increasing error rate (incongruent vs. congruent trials, 
SVC pFWE  =  .043). The scatterplot illustrates mean-adjusted congruency-related modulation of 
amygdala -pulvinar connectivity as a function of error rate, separately for high-testosterone (in green) 
and low-testosterone participants (in blue).
Discussion
This study explores the relative contribution of frontal and subcortical brain 
regions during emotional control in adolescence. Pubertal maturation, indexed 
by testosterone levels, shifted the neural control of emotional actions from sub-
cortical regions to the aPFC. Fourteen year old adolescents with more advanced 
testosterone – indexed pubertal maturation showed greater aPFC activity when 
controlling their emotional action tendencies, reproducing the same pattern previ-
ously observed in adults (Radke et al., 2015; Volman, Roelofs, et al., 2011; Volman, 
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Toni, et al., 2011; Volman et al., 2013). In contrast, adolescents with less advanced 
testosterone-indexed pubertal maturation showed greater pulvinar and amygdala 
activity when exerting the same amount of control. These findings qualify and 
extend the notion of a developmental shift in executive control from subcortical 
to prefrontal regions (Blakemore, 2008; Crone & Dahl, 2012; Ernst & Fudge, 2009). 
Previous studies have shown similar developmental shifts from the basal ganglia 
and amygdala to frontal cortex in relation to motor response inhibition (Rubia et 
al., 2000; Stevens et al., 2007), reward sensitivity (Braams et al., 2015; Forbes et al., 
2010; Urošević et al., 2012), and perceptual processing of emotional faces (Barbalat 
et al., 2013; Hare et al., 2008; Monk et al., 2003; Somerville, Fani, & McClure-Tone, 
2011; Vink et al., 2014). This study indicates that, when control is exerted on decis-
ions involving emotional responses, the pulvino–amygdalar pathway may be the 
relevant precursor of the mature aPFC emotional control system.
TABLE 3. Significant clusters showing a larger effect during affect-incongruent than affect-congruent 
trials in the Approach Avoidance Task modulated by testosterone.
Anatomical Region Side BA k x y z p t
Positive Testosterone Modulation of Congruency Effect:
aPFC/mid frontal orbital R 10/46 33 40 58 -6 .04a 3.55
Negative Testosterone Modulation of Congruency Effect:
Dorsomedial Thalamus/Pulvinar/ L
626 -8 -20 16 <.001 5.39
Anterior Thalamus/ Caudate Nucleus R
Hippocampus L 37 272 -38 -34 -2 .013 6.56
Precentral sulcus/SFS R 6 196 20 -8 50 .046 4.91
Amygdala R 34 14 26 -2 -14 .026a 3.87
Coordinates are defined in MNI space. k represents the number of voxels in a cluster. p represents the 
FWE-corrected cluster level value. t represents the t statistic at the peak voxel. SFS – superior frontal 
sulcus. a SVC over anatomically-defined ROI.
The Pulvinar and Emotional Control
The pulvinar has been relatively overlooked in human neural development studies, 
yet an emerging literature points to its relevance for emotion and action control. 
Strong afferent and efferent connections with frontal, parietal, and temporal areas 
make the pulvinar suitable for integrating and coordinating the selection of a 
broad range of goal-directed actions (Wilke, Turchi, Smith, Mishkin, & Leopold, 
2010, Saalmann, Pinsk, Wang, Li, & Kastner, 2012). Furthermore, the pulvinar 
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connects the superior colliculus with the amygdala (Morris et al., 1999; Tamietto 
et al., 2012), and facilitates fast emotional saliency detection and threat recogni-
tion (Nguyen et al., 2013; Padmala, Lim, & Pessoa, 2010; Ward et al., 2007; Ward, 
Danziger, & Bamford, 2005). These anatomical and neurophysiological properties 
indicate that the pulvinar can contribute to emotional action-control (Barron et al., 
2015). The current study indicates that this contribution is particularly relevant 
during pubertal development, when frontal-striatal-thalamic coupling has yet to 
be completed (Barbalat et al., 2013; Stevens et al., 2007).
Recent diffusion tensor imaging studies have shown that during early 
development, connectivity among subcortical structures is more prevalent than 
during later development (Baker et al., 2015; Simmonds et al., 2014). This study 
qualifies that general observation by highlighting the role of the pulvino-amygdalar 
pathway in the control of emotional actions at a time when the aPFC is still develop-
ing. It remains to be seen whether the amygdala facilitates the transition towards 
mature emotional control by incorporating social context into the processing of 
emotional stimuli (Scherf et al., 2013), or whether the amygdala interferes with 
emotional control by enhancing bottom-up sensory influences on action tendencies 
(Hare, Tottenham, Davidson, Glover, & Casey, 2005). The developmental role of the 
amygdala may not in fact be uniform. The centromedial amygdala shows connec-
tivity patterns with subcortical regions including the pulvinar, whereas the lateral 
basal amygdala with prefrontal areas (Bzdok, Laird, Zilles, Fox, & Eickhoff, 2013; 
Roy et al., 2009). These subdivisions of the amygdala may undergo distinct circuit 
changes during adolescence. The findings of this study call for further investigation 
of these possibilities. On the one hand, developmentally more mature adolescents 
(as indexed by higher testosterone levels) used the same aPFC region recruited 
in adults (Radke et al., 2015; Volman et al., 2013; Volman, Roelofs, et al., 2011; 
Volman, Toni, et al., 2011). When amygdala-pulvinar connectivity was stronger 
during emotional control, adolescents with higher testosterone levels made more 
errors. This observation tentatively suggests that amygdala-pulvinar connectivity 
may interfere with emotional control once that function is supported by the aPFC. 
On the other hand, regardless of pubertal maturation, adolescents had matched 
performance in exerting emotional control and as such irrespective of aPFC or 
amygdala-pulvinar circuitry involvement. This observation suggests that both 
prefrontal and amygdala-pulvinar circuits support emotional control equally well, 
at least within the rather mild emotional control demands evoked by the AA Task.
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Interpretational Issues
Given the known differences in cerebral structure related to pubertal development 
and testosterone levels (Bramen et al., 2012; Goddings et al., 2014; Nguyen et al., 
2013; Urošević, Collins, Muetzel, Lim, & Luciana, 2014), it might be argued that 
the functional differences reported in this study are due to testosterone-related 
structural differences. However, there were no statistically significant differences 
in the structural features of the pulvinar, amygdala, or aPFC that were related to 
testosterone levels. This controlled situation is a major advantage of the current 
experimental design, focused on isolating puberty-related cerebral changes with-
out generic age-related differences in executive control development.
The choice of testosterone levels as an objective and physiological marker of 
pubertal development is supported by previous work (Huang et al., 2012; Shirtcliff 
et al., 2009), and by the fact that this hormone is mechanistically involved in neuro-
nal reorganization during adolescence (Herting et al., 2014; Schulz et al., 2009b; 
Sisk & Zehr, 2005). The study design minimized the effects of testosterone level 
fluctuations (Albertsson-Wikland et al., 1997; Ankarberg & Norjavaara, 1999) as 
can be seen in consistent measurements across two timepoints, sampled two hours 
apart. Additionally, we found that testosterone levels in our sample were positively 
correlated with puberty ratings for boys and girls (see also Shirtcliff et al., 2009). 
One might argue that testosterone is not only a proxy of puberty phase but also 
of dominance behavior (Enter, Terburg, Harrewijn, Spinhoven, & Roelofs, 2016). 
However, in this study testosterone was not related to anger-approach tendencies. 
In fact, previous work has shown that testosterone is more closely related to phy-
sicians’ ratings of pubertal maturation than self-reports, providing an objective 
and validated proxy of the actual pubertal stage (Huang et al., 2012).
The anatomical specificity of the emotional control effect found in the 
pulvinar is limited by the characteristics of the cluster level statistics, since the 
effect includes other structures, namely the anterior and medial thalamic nuclei 
and the caudate nucleus. These regions are also involved in goal-directed and 
stimulus-response actions (Packard & Knowlton, 2002; Ostlund and Balleine, 2008; 
Bradfield et al., 2013; Parnaudeau et al., 2015). Future studies might be able to 
differentiate between the specific contributions of those structures to emotional 
control in the early stages of puberty.
Based on this study, a broad extension to adolescent behavior in emotionally 
arousing situations is speculative and may need to be addressed with experiments 
where the social-emotional challenge is not mild, such as the zooming version of the 
AA Task (Heuer et al., 2007; Rinck & Becker, 2007). The zooming effect (the angry 
face becomes larger – approach or smaller – avoid, depending on the response) 
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has been shown to enhance the congruency effect and is especially sensitive in 
capturing failures in emotion action-control in various psychopathologies (Roelofs, 
Putman, et al., 2010; Roelofs, van Peer, et al., 2009; von Borries et al., 2012).
Conclusion
Developmentally more mature adolescents, similarly to adults, recruit the aPFC 
during control of emotional action tendencies, whereas less mature adolescents 
recruit the pulvinar and amygdala. These results are relevant for neurobiological 
models of pubertal development, qualifying the circuits implicated in the matura-
tion of emotional action-control. The findings are also relevant for understanding 
the neurobiological bases of emotion control alterations, given that the onset of 
affective disorders peaks during adolescence (Kessler et al., 2007). Chronic fail-
ures in emotion action-control are common in various psychopathologies such 
as social anxiety (Roelofs, Putman, et al., 2010; Roelofs, van Peer, et al., 2009) 
and aggression -related disorders (von Borries et al., 2012). This study opens the 
possibility of replicating these findings in longitudinal studies testing whether 
affective disorders are mechanistically related to an altered developmental tran-
sition between the pulvino–amygdalar pathway and the mature aPFC emotional 
control system.

Chapter 3 | Developmental changes in 
pubertal testosterone influence prefrontal 
emotion control during adolescence
Tyborowska, A., Volman, I., Niermann, H.C.M., Smeekens, S., Toni, I., & Roelofs, 
K. (under review). Developmental changes in pubertal testosterone influence 




During rodents’ puberty, testosterone transitions from a 
neuro-developmental to a social-sexual activating hormone. 
Here we explore whether this functional transition is also 
present in human adolescents in relation to emotion control. 
This functional transition could explain why, during early 
adolescence, high testosterone levels are associated with in-
creased anterior prefrontal (aPFC) involvement in emotion 
control, whereas during adulthood this neuro-endocrine re-
lation is reversed. Using a prospective longitudinal design, 
we investigated the role of testosterone on the neural con-
trol of social-emotional behavior during the transition from 
mid to late adolescence. Forty-one individuals (tested at Ages 
14 and 17) performed an fMRI-adapted approach-avoidance 
(AA) task involving automatic and controlled actions in re-
sponse to social- emotional stimuli. Testosterone showed 
the expected longitudinal reduction in its modulating role 
of aPFC control, while longitudinal reductions of amygdala 
reactivity occurred irrespectively of testosterone levels. In 
accordance with sex-differences in pubertal timing, there 
were longitudinal sex-related changes in the neural effects 
of testosterone during emotional control. Transition to adult-
like negative aPFC-amygdala task-related connectivity was 
observed in girls, but not in boys - who typic ally mature 
later. These findings qualify the testosterone- dependent 
maturation of a neural circuit supporting emotion control 




The gonadal hormone testosterone plays a pivotal role in social-emotional behavior 
by modulating the control of approach and avoidance actions (Tyborowska, Volman, 
Smeekens, Toni, & Roelofs, 2016; Volman et al., 2016; Volman, Toni, et al., 2011). 
However, the function of testosterone changes during puberty (Schulz et al., 2009b; 
Schulz & Sisk, 2016). For instance, higher levels of pubertal testosterone have been 
associated with increased anterior prefrontal (aPFC) emotion control in mid adoles-
cence (Tyborowska et al., 2016), whereas in adult populations, higher levels of testos-
terone have been associated with reduced aPFC emotion control (Volman, Toni, et al., 
2011). Here, we use a prospective longitudinal design to understand how the human 
prefrontal cortex matures into adult-like regulation of social-emotional behavior 
and most critically, to test the changing role of testosterone in this maturation.
Animal work specifies that the function of testosterone during adolescence 
shifts from a developmental agent of neural organization to a hormone transiently 
activating socio-sexual behavioral and neural responses (Schulz et al., 2009b). 
Pubertal testosterone is critical for inducing long lasting system changes and pro-
graming adult social behavior (Sisk, 2016). For instance, animals that are castrated 
after infancy will display typical socio-sexual and territorial (dominance) behavior 
as adults only if they are given testosterone-replacement treatment in the pre- and 
mid-adolescent phase and not later, in the post-adolescent phase (Schulz & Sisk, 
2006; Schulz, Zehr, et al., 2009). Similar effects have been shown for adolescent 
maturation of social learning and adaptive sexual approach behavior (de Lorme, 
Bell, & Sisk, 2013; Schulz & Sisk, 2006). Animal models therefore demonstrate that 
this so-called organizational-activation hypothesis of gonadal hormones applies 
particularly to programing and regulation of context dependent social motivation 
during adolescence (Sisk, 2016).
The organizational-activational hypothesis addresses the paradox of tes-
tosterone effects seen in adolescent and adult humans and is particularly relevant 
for understanding social approach-avoidance behavior. Studies in humans confirm 
that pubertal testosterone modulates executive control and reward processing 
networks (Braams et al., 2015, 2016; Cservenka et al., 2015; Op De Macks et al., 
2011; Peper, Koolschijn, & Crone, 2013; Peters et al., 2015). Importantly, testoster-
one has been linked to the maturation of cognitive control over social-emotional 
actions, a fundamental adult skill refined during puberty. During mid-adolescence, 
relatively more mature adolescents, as indexed by higher levels of testosterone, 
implement emotion control by relying on the aPFC. Interestingly, at the same age, 
less mature individuals rely on pulvino-amygdala interactions to control their 
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emotional action tendencies - a precursor of the aPFC-amygdala circuit typically 
used by adults (Tyborowska et al., 2016). In contrast in adults, testosterone is 
associated with dominance and aggressive behavior (Heany et al., 2015; Montoya 
et al., 2012). In line with this notion, adults with high testosterone levels rely less 
on the aPFC and have reduced aPFC-amygdala coupling during emotion control 
(Volman, Toni, et al., 2011). However, it remains to be seen whether testosterone 
shifts from a neuro-developmental to a social-sexual activating hormone during 
puberty. Here we test this hypothesis in a longitudinal study on emotion control. 
Understanding this trajectory is an important building block for understanding 
adaptive development, as well as the neurobiological precursors of maladaptive 
maturational processes leading to psychopathology.
Using new data acquired in the same individuals tested in Tyborowska et 
al., 2016, we test whether testosterone levels in mid and late adolescence predict 
the engagement of the aPFC during emotion action control, as well as the loss of 
pulvino-amygdala interactions in favor of aPFC-amygdala connectivity. Mid and late 
adolescence marks two critical developmental periods. At Age 14 (mid adolescence), 
testosterone is still playing a largely developmental role, with testosterone levels dif-
fering widely between individuals (Koolschijn, Peper, & Crone, 2014). At Age 17 (late 
adolescence), testosterone has less influence as a pubertal hormone, and has reached 
peak levels for girls (Büttler et al., 2016). Hormone levels will continue to increase 
for boys until the early twenties, highlighting the developmental offset as well as 
the sex differences that emerge at this age (Braams et al., 2015; Büttler et al., 2016).
We use an experimental task, the approach-avoidance (AA) task, that cap-
tures behavioral and neural components of emotion action control in both adoles-
cents and adults (Rinck & Becker, 2007; Roelofs, Minelli, et al., 2009; Tyborowska 
et al., 2016; Volman, Toni, et al., 2011). During this task, participants need to eval-
uate the emotional expression (happy, angry) of faces and respond accordingly by 
pulling a joystick toward themselves (approach) or pushing it away (avoidance). 
Automatic, or ‘affect-congruent’, stimulus response mappings (i.e., approach-happy 
and avoid-angry faces) are contrasted with ‘affect-incongruent’ conditions re-
quiring one to override these emotion tendencies and select an alternative goal- 
directed action (approach-angry and avoid-happy). Following the organizational 
– activation hypothesis of gonadal hormones in animals, we hypothesize that the 
modulating effect of testosterone on aPFC emotion control will relatively decrease 
between mid and late adolescence. Given sex differences in pubertal timing, we 
expect that this change will be more prominent in girls. Additionally, we expect 
the emergence of mature aPFC-amygdala interactions, showing a negative coupling 




Children from the Nijmegen Longitudinal Study on Child and Infant Development 
(n = 116) were approached to take part in this imaging study. Functional mag-
netic resonance imaging (MRI) was obtained at Ages 14 and 17 (TABLE 1). At the 
first time-point (TP14), data was obtained from 49 participants and at the second 
time-point from 73 participants (TP17) who had no counter-indications for un-
dergoing MRI (metal objects in upper body, implants, claustrophobia, etc.). Two 
participants at TP14 and another two at TP17 were excluded due to poor MRI 
quality, resulting in a total sample of 47 (21 boys) at TP14 and 71 (40 boys) at TP17. 
Participants who had missing data at one of the two time-points were excluded 
from the longitudinal analyses, resulting in 41 adolescents (19 boys). All partic-
ipants had normal or corrected-to-normal vision and no history of neurological 
illness (as indicated by parent/guardian report). Written informed consent was 
obtained from both parents and participants. The study was approved by the local 
ethics committee (CMO region Arnhem-Nijmegen, The Netherlands).
Experimental Task
In the fMRI adapted AA task, participants responded with a joystick to visually 
presented emotional faces (happy, angry) by pushing them toward themselves 
(approach) or away from themselves (avoid). Two block types/response mappings 
(affect congruent, affect incongruent) lead to four affect × response combinations: 
happy–approach, angry–avoid (affect congruent) and happy–avoid, angry– approach 
(affect incongruent).
The task consisted of 16 blocks, 12 trials each. Each block was followed by 
a baseline interval (21–24 s). The participant was instructed on the required re-
sponse mapping at the start of each block. The mapping changed after each block, 
with the order counterbalanced across participants. The affective expressions and 
the gender of the faces were evenly and pseudorandomly distributed in each block 
– there were no more than three consecutive presentations of each. At the start of 
the task, participants completed the training phase, which consisted of four blocks, 
eight trails each and the same affect × response combinations. The facial stimuli used 
in the training differed from the ones used in the experimental phase of the task.
Valid responses were defined as at least 65% of joystick displacement along 
the sagittal plane and delivered within 3 s following stimulus presentation. Invalid 
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responses were signaled for 1 s with visual feedback indicating “you did not move 
your joystick far enough.” Once the response was completed, the joystick was 
returned to its starting position (defined as the central area covering 15% along 
the sagittal plane) before the end of the intertrial interval (ITI; 2–4 s). If partic-
ipants did not do this, they received visual feedback stating “return the joystick 
to the starting position”. The ITI was repeated after the joystick was returned to 
its correct position.
Materials and Apparatus
The fMRI data were acquired on a Siemens 3 Tesla MAGNETOM Trio and PRISMA 
MRI scanner (at same testing site) equipped with a 32-channel coil. The same mul-
tiecho echoplanar imaging (EPI) sequence was used for acquisition of functional 
scans during both time-points (TR = 2190 ms; TP14 TE = 9.3, 20.9, 32, and 44 ms 
/ TP17 TE = 9, 20.6, 32.16, and 43.74 ms; flip angle = 90°; 34 transversal slices; 3.3 
× 3.3 × 3.0 mm voxels; FOV = 212 mm). The multi echo EPI sequence is a parallel 
imaging technique for functional images. It enables a significant reduction in the 
echo train length, which reduces motion artifacts, image distortion and improves 
BOLD sensitivity - especially in brain regions typically affected by the use of a 
single short TE. As a result, it also allows for a better coregistration of functional 
and anatomical data (Poser et al., 2006). Our data was acquired on two different 
scanners due to an update of the resonance magnetic system during data collection 
at the testing site. As a result, at TP17, 20 of the 41 retested participants (and 45 
out of 71 participants tested in total at TP17) were scanned on the PRISMA system. 
T1 anatomical scans were collected using an MPRAGE sequence (TR = 2300 ms; 
TE = 3.03 ms; 192 sagittal slices; 1.0 × 1.0 × 1.0 mm voxels; FOV = 256 mm).
The stimuli consisted of faces, taken from several databases (Ekman & 
Friesen, 1976; Lundqvist et al., 1998; Martinez & Benavente, 1998; Matsumoto & 
Ekman, 1988). There were 36 facial models (18 male) with two affective expres-
sions (happy, angry) each, presented in grayscale against a black background, 
matched for brightness and contrast values. The faces were trimmed to exclude 
influence from hair and non-facial contours (based on Roelofs et al., 2009) and 
were presented at the center of the screen (visual angle 4° × 6°), visible through 
a mirror above the participant’s head. Push and pull responses were made with 
an MR-compatible joystick (Fiber Optic Joystick, Current Designs), placed on the 
abdomen, with a sampling rate of ~550 Hz. Stimuli presentation and acquisition of 




A similar procedure was followed for both time-points (for more information on TP14 
see: Tyborowska et al., 2016). During both visits, participants had the option of fa-
miliarizing themselves in a dummy scanner (a simulation scanner that lacks the mag-
netic field of the MRI scanner). During TP14, participants also filled out several ques-
tionnaires prior to entering the scanner and completed an additional non- emotional 
 fMRI task before the experiment began. During TP17, no other testing occurred 
before the experimental task. Saliva samples were always collected before partici-
pants were positioned in the MRI scanner. Participants were  familiarized with the 
setup of the AA task in a short training session (10 min), immediately followed by 
the fMRI session (20 min) and an anatomical scan (5 min). After exiting the scanner, 
a second set of saliva measurements was collected.
Pubertal Development Measures
Saliva samples for testosterone and cortisol measures were collected into Salicap 
(IBL) containers by passive drool of ~2ml and stored at -20 to -24°C, following 
the procedure used in Tyborowska et al., 2016. Testosterone concentration was 
measured using a competitive chemiluminescence immunoassay (CLIA) with a 
sensitivity of 0.0025 ng/mL (IBL) and intra-assay and inter-assay coefficients be-
tween 10% and 12%. Cortisol concentration was measured using a commercially 
available CLIA with high sensitivity of 0.16 ng/mL (IBL) and intra-assay and inter -
assay coefficients of <8%.
Participants were instructed to refrain from consuming any food, ciga-
rettes, and drinks (except water) at least ~1 h before the experiment and to refrain 
from heavy physical exercise. To minimize any possible effects of testosterone 
level fluctuations, which variate the most in the early morning hours (Albertsson-
Wikland et al., 1997; Ankarberg & Norjavaara, 1999), the hormone was sampled in 
duplicate, 2 hours apart, after 10:00 A.M., resulting in consistent measurements 
across these two sampling times. Additionally, girls were tested outside of the 
menstruation phase of their cycle. Finally, a self-report measure of pubertal de-
velopment (secondary sexual characteristics) was collected with the use of the 
Pubertal Development Scale (PDS; Petersen et al., 1988).
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Age 14 Retest (n=41)
Boys 41 (33) 43 (26) 2.4 (0.7) 14.55 (0.11)
Girls 11 (7) 11 (9) 2.9 (0.4)a 14.61 (0.20)
Age 17 Retest (n=41)
Boys 135 (72) 151 (88)^ 3.5 (0.5) 17.14 (0.14)
Girls 25 (13) 24 (14) 3.4 (0.4) 17.04 (0.14)
Age 17 Total (n=71)
Boys 117 (63) 129 (74) 3.4 (0.5) 17.22 (0.16)
Girls 28 (16) 26 (14) 3.5 (0.4) 17.09 (0.16)
Values represent the mean (SD) across participants. Retest participants are those that have completed 
both assessments. Age 17 Total participants represent the entire sample collected at that time-
point. Descriptive information for all Age 14 participants (n = 47) is available in Tyborowska et al., 
2016. Testosterone t1 and t2 represent the first and second (i.e., before and after the task) salivary 
measurement respectively. Testosterone values between the first and second assessment did not 
differ significantly at Age 14 (see Tyborowska et al., 2016) or at Age 17, either for boys (t(39) = -1.72, 
p =  .093) or for girls (t(30) = 1.36, p =  .184). This was also the case for the subset of longitudinal 
participants: Age 14 Retest boys (t(17) = -0.727, p = .477) and girls (t(21) = -0.104, p = .918) as well as 
Age 17 Retest boys (t(18) = -1.29, p = .212) and girls (t(21) = 0.447, p = .659). Testosterone t1 levels 
were used for all subsequent analyses.
a n = 18
^ There is one testosterone measurement outlier in the sample (> 3 SD from mean) that inflates the 
mean in the smaller Age 17 Retest subgroup (n = 41) in comparison to the total Age 17 group (n = 71).
Data Analyses
We first analyzed the newly acquired data at Age 17 to show that the typical be-
havioral and neural AA-task effects were present. This was followed by the main 
analyses – a longitudinal investigation between Ages 14 and 17.
Behavioral analysis
The behavioral data were analyzed with Matlab 2012 (MathWorks) and SPSS 
Statistics 23 (IBM). Movement onset was reconstructed from the joystick dis-
placement measures on each trial (Tyborowska et al., 2016; Volman, Toni, et al., 
2011). Reaction time (RT) was calculated as the time from picture presentation 
to movement onset. Trials with no response or a joystick movement in the incor-
rect direction were not included in further analysis. Trials with an extreme RT 
(< 150 and > 1500 ms), and a RT > 3SD from the mean were excluded. If a block 
had an error rate (ER) above chance level, it was excluded in its entirety. RTs were 
log-transformed to correct for a skewed distribution.
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Mean RTs were computed per Age (TP14, TP17) for each level of the ex-
perimental factors [Valence (happy, angry) and Response (approach, avoid)]. 
Percentage of trials with no response or joystick movement in the opposite di-
rection were used for the ER analysis - mean ERs per level of experimental factor. 
Testosterone and cortisol levels taken from first salivary sample (per time-point) 
were log transformed and standardized per gender and entered as covariates in 
the model. The inclusion of cortisol as a covariate of no-interest is in line with pre-
vious studies on the AA task (Tyborowska et al., 2016; Volman, Toni, et al., 2011) 
as well as its role in modulating social motivational behavior (Roelofs, Minelli, et 
al., 2009; van Peer et al., 2007). The α level was set at p = .05.
Age 17 analysis
In accordance with the model reported in Tyborowska et al., 2016, we performed 
a separate analysis for Age 17, that included all participants at that time-point 
(n = 71). A three-way repeated-measures multivariate ANOVA with factors Gender 
(boys, girls), Valence (happy, angry), and Response (approach, avoid) was con-
ducted on RTs and ERs separately. Testosterone was entered as a covariate of 
interest, cortisol as a covariate of non-interest.
Longitudinal analysis
A four-way repeated-measures multivariate ANOVA with factors Gender (boys, 
girls), Age (TP14, TP17), Valence (happy, angry), and Response (approach, avoid) 
was conducted on RTs and ERs separately. Testosterone and Cortisol for TP14 and 
TP17 were entered as covariates; Testosterone (TP14 and TP17) being a covariate 
of interest.
Functional MRI analysis
The same preprocessing and analysis pipeline was used for the TP17 dataset as 
for the longitudinal comparison.
fMRI preprocessing
Functional data were preprocessed and analyzed using the Matlab toolbox SPM12 
[Statistical Parametric Mapping (www.fil.ion.ucl.uk/spm)]. The multiecho se-
quence acquired four echoes per volume at every point in time. To control for 
T1 equilibration effects, the first four volumes of each echo were discarded. The 
separate echoes were then combined into a (echo-time weighted) single volume. 
Thorough de-noising of the functional MRI images was performed to remove 
motion artefacts. First, we used principle components analyses (PCA) to filter 
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out slice-specific noise components based on the shortest echo. Head motion pa-
rameters were then estimated using a least-squares approach with six rigid-body 
transformation parameters (translations, rotations). Next, the time courses of each 
voxel were realigned to the middle slice (slice 17) to correct for time differences in 
acquisition. The T1-weighted image was then coregistered to the mean of the func-
tional images and was segmented into grey matter, white matter, and CSF using 
the “Segment” tool in SPM12. The fMRI time series was normalized and smoothed 
using a group-specific template based on T1-weighted images. For longitu dinal 
analyses, the relevant fMRI time series were normalized and smoothed using 
a group-specific template created from T1 images taken at both time-points. 
Inter-subject registration of the grey matter images was done using diffeomorphic 
anatomical registration through exponentiated lie algebra (DARTEL; Ashburner, 
2007). The fMRI time series was then transformed and resampled at an isotro-
pic voxel size of 2 mm, resulting in spatially normalized, Jacobian scaled, and 
smoothed (8mm FWHM Gaussian kernel) images. As a following de-noising step, 
we used ICA-AROMA (independent component analysis-based automatic removal 
of motion artefacts), run in the FSL environment, to remove noise components in an 
automated, observer-independent manner (Pruim, Mennes, Buitelaar, & Beckmann, 
2015; Pruim, Mennes, van Rooij, et al., 2015).
Multiple regression analyses
The fMRI time series was analyzed within the general linear model as an event- 
related design; separately for TP14 and TP17. The vectors containing the onset 
and duration of each condition (approach-happy, approach-angry, avoid-happy, 
avoid-angry) were convolved with a canonical hemodynamic response function. 
Trials that were excluded from the behavioral analysis (misses) as well as instruc-
tions or feedback were also modelled. This resulted in six task-related regressors. 
Additionally, residual head movement-related effects were modelled using orig-
inal, squared, cubic, first-order, and second-order derivatives of the movement 
parameters estimated with the spatial realignment procedure (Lund et al., 2005). 
The time series of signal intensities from white matter, CSF, and out-of-skull areas 
were included as additional regressors. The inclusion of these additional regres-
sors helps with image intensity shifts due to hand movement within or near the 
scanner’s magnetic field (Verhagen, Grol, Dijkerman, & Toni, 2006). The fMRI time 
series was high-pass filtered with a cutoff of 128 s and corrected for temporal 
autocorrelation using a first-order autoregressive model.
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Age 17 analysis
Contrast images of the effects of interest (approach-happy, approach-angry, 
avoid-happy, avoid-angry) were created per subject and entered into a multiple 
regression analysis with 1 regressor per condition (4) for each gender (result-
ing in 8 regressors). To model the within-subject task effects, subject-specific re-
gressors were added (1 regressor per subject). Testosterone and cortisol levels 
were log-transformed and standardized per gender and included per subject, as 
gender and condition-specific covariates (Tyborowska et al., 2016; Volman, Toni, 
et al., 2011). The inclusion of cortisol as a covariate of no-interest is in line with 
previous neuroimaging studies on the AA task (Tyborowska et al., 2016; Volman, 
Toni, et al., 2011) as well as its role in modulating social motivational behavior 
(Roelofs, Minelli, et al., 2009; van Peer et al., 2007). To control for the acquisition 
of data on different machines, scanner regressors were also included as gender and 
condition-specific covariates (resulting in 8 scanner regressors). Supplementary 
Material S4 includes further details on checks for scanner-related effects in the 
data. Testosterone was considered a covariate of interest.
As in previous studies (Bertsch et al., 2018; Roelofs, Minelli, et al., 2009; 
Tyborowska et al., 2016; Volman, Toni, et al., 2011; Volman et al., 2013), we tested 
for the congruency effect - the difference between affect-incongruent (happy-avoid, 
angry-approach) and affect-congruent (happy-approach, angry-avoid) trials - as a 
testosterone dependent and independent effect. Following the previous analyses 
in Tyborowska et al., 2016, we also checked whether these congruency effects 
differed between boys and girls (see also Supplementary Materials TABLE S3). In 
addition to a whole-brain analysis, we tested for region of interest (ROI) effects 
within the aPFC, amygdala, and pulvinar, based on previous findings in this sample 
during TP14 (Tyborowska et al., 2016) as well as in adults (Volman, Toni, et al., 
2011; Volman et al., 2013). The bilateral masks were consistent with those used in 
the previously reported study (Tyborowska et al., 2016), namely, a lateral frontal 
pole (lateral aPFC) mask from (Neubert et al., 2014), an amygdala mask from the 
Automated Anatomical Labelling (AAL) Atlas (Tzourio-Mazoyer et al., 2002) and 
a pulvinar mask from the Automated Tailarach Atlas. A familywise error (FWE) 
correction was used to control for multiple comparisons. Whole-brain analyses 
were based on a cluster-forming threshold of p < .0001 (uncorrected) and infer-
ences were made at the cluster level (pFWE < .05). A small volume correction (SVC; 
p < .05) was applied to ROI analyses and inferences were made at the voxel-level 
(pFWE < .05). Anatomical inference was drawn by superimposing the SPM images 
on a standard SPM single-subject T1 template and subject specific T1 scans in 




Similar to the previous analysis (section Age 17 analysis), contrast images of the ef-
fects of interest were created per subject per time-point taking gender into account, 
thus resulting in 1 regressor per condition for each gender (16 regressors in total), 
and entered into a multiple regression model. Within-subject effects for task and 
time-point were modelled by adding subject-specific regressors (one regressor per 
subject). Testosterone and cortisol levels for TP14 and TP17 were log-transformed 
and standardized per gender within each time-point and included per subject, as 
gender and condition-specific covariates (resulting in 8 regressors per covariate). 
The inclusion of cortisol as a covariate of no-interest is in line with previous neuro-
imaging studies on the AA task (Tyborowska et al., 2016; Volman, Toni, et al., 2011) 
as well as its role in modulating social motivational behavior (Roelofs, Minelli, et al., 
2009; van Peer et al., 2007). Scanner covariates (per gender and condition-specific) 
were included to control for differences between machines (Supplementary 
Material S4 includes further details on checks for scanner-related effects in the 
data). Testosterone TP14 and TP17 levels were considered covariates of interest.
In the longitudinal analysis, we specifically tested how the congruency 
effect changed over time in respect to the modulatory role of testosterone at TP14 
and TP17. We therefore compared the effect of TP14 testosterone levels on TP14 
neural control to the effect of TP17 testosterone levels on TP17 neural control. By 
doing so, we can test how the function of testosterone changed between TP14 and 
TP17. In other words, we tested whether the regions that showed an increased 
modulatory effect of testosterone at TP14 were less or no longer modulated by 
testosterone at TP17. This was implemented by masking the statistical map de-
scribing the Congruency × Testosterone interaction at the relevant time-point 
(that is separately for TP14 and TP17) with the 4-way interaction [Congruency 
TP14 × Testosterone TP14] × [Congruency TP17 × Testosterone TP17] (see also 
Supplementary Materials TABLE S1).
Next, we tested for changes in congruency irrespective of testosterone 
levels, namely the Congruency TP14 × Congruency TP17 interaction. The same as 
for the Age 17 analysis, we tested whether the above described congruency effects 
differed between genders (see also Supplementary Materials TABLE S1). We used 
the same whole-brain and ROI approach that was described for TP17, to test for 




We tested whether changes between TP14 and TP17 in amygdala-prefrontal inter-
regional connectivity are present as a function of pubertal development. Additional 
exploratory analyses were conducted to test for gender differences in these ef-
fects. We performed a psychophysical interaction (PPI) analysis (Friston et al., 
1997) with the left aPFC as a seed region during affect-incongruent versus affect- 
congruent conditions of the AA task (see fMRI results). Testosterone TP14 and 
TP17 levels (log-transformed) were standardized per gender and used as covari-
ates. For each participant and per time-point, aPFC seed voxels were selected 
based on a sphere (8mm radius) created around the peak voxel of the group level 
 testosterone-modulated activation for the congruency effect change between 
TP14 and TP17 (MNI coordinates: -36 46 -6). Next, contrast images for the PPI 
were generated between the seed region time courses and affect-incongruent 
versus affect- congruent conditions. These participant-specific contrast images 
(for each time-point) and corresponding testosterone TP14 and TP17 levels (as 
gender and subject specific regressors) were entered into a multiple regression 
analysis. Apart from a whole-brain analysis, we performed an ROI analysis for 
the right amygdala with a mask taken from the AAL Atlas (Tzourio-Mazoyer et 
al., 2002). The choice of a unilateral mask was based on previous findings in this 
sample showing testosterone -modulated activity and connectivity for the con-
gruency effect (Tyborowska et al., 2016). We conducted the same analysis with 
the left amygdala as a seed region based on activation for the congruency effect 
change between TP14 and TP17 (MNI coordinates: -26, 0, -24). We conducted a 
whole-brain analysis as well as an exploratory ROI analysis on the bilateral hip-
pocampus (AAL Atlas mask) based on previous testosterone-modulated congru-
ency effects in this sample (Tyborowska et al., 2016). Finally, we conducted an 
exploratory whole-brain analysis with the primary motor cortex as a seed region 
similarly to the previous models (but without testosterone as a covariate). The 
seed region was based on increased activity for the congruency effect at TP17 
compared to TP14 (MNI coordinates: 44, -8, 48).
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Results
We first report on the newly acquired data at Age 17 before proceeding to describe 
the longitudinal changes (Ages 14 to 17).
Behavioral Results
Age 17 analysis
Significant Valence × Response interactions for RTs (F(1,67) = 19.276, p < .001, 
η2p = .223) and ERs (F(1,67) = 5.935, p = .018, η2p = .081) confirmed the previously 
reported AA task-congruency effects: longer reaction times and more errors on 
affect-incongruent trials than affect-congruent trials (TABLE S2 in Supplementary 
Information). These behavioral effects did not significantly interact with 
Testosterone (F(1,67) = 0.06, p = .808) or Gender (F(1,67) = 1.138, p = .29). There 
were significant main effects of Valence (F(1,67) = 30.738, p < .001, η2p = .314, 
Response (F(1,67) = 39.202, p < .001, η2p = .369), and Gender (F(1,67) = 11.91, 
p = .001, η2p = .151) for RTs, and there was a main effect of Response (F(1,67) = 4.023, 
p = .049, η2p = .057) for ERs. The RT and ER congruency effects at Age 14 were con-
firmed separately (Tyborowska et al., 2016).
Longitudinal analysis
There was a significant Valence × Response interaction for RTs (F(1,33) = 20.197, 
p < .001, η2p = .38) and ERs (F(1,33) = 5.204, p = .029, η2p = .136) confirming 
AA task congruency effects across Ages 14 and 17: longer reaction times and 
more errors for affect-incongruent compared with affect-congruent responses 
(FIGURE 1 and TABLE S2 in Supplementary Information). These effects did not sig-
nificantly differ with Age (RT: F(1,33) = 0.003, p = .958; ER: F(1,33) = .33, p = .569), 
Gender (RT: F(1,33) = 0.394, p = .534. ER: F(1,33) = .205, p = .654) nor as a func-
tion of testosterone (TP14/TP17) and Age (RT: F(1,33) = 1.674, p = .205; ER: 
(F(1,33) = .126, p = .725).
Taken together, these results indicate that there were no significant 
changes in the behavioral (RT and ER) congruency effects across adolescent mat-
uration. A significant Valence × Response × Testosterone TP17 interaction for ERs 
(F(1,33) = 5.019, p = .032, η2p = .132) indicated that higher testosterone levels at 
Age 17 were related to a smaller congruency effect at both ages. Additionally, 
there were significant main effects of Age (F(1,33) = 64.576, p < .001, η2p = .662), 
Response (F(1,33) = 33.606, p < .001, η2p = .505), and Valence (F(1,33) = 47.252, 
p < .001, η2p = .589) for RTs and significant main effects of Age (F(1,33) = 14.868, 
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p = .001, η2p = .311) and Testosterone TP14 (F(1,33) = 4.553, p = .04, η2p = .121) 
for ERs, together indicating a general improvement on the task and better over-
all performance across adolescence related to higher initial testosterone levels. 
Remaining Age × Testosterone interaction effects can be found in Supplementary 
Material (S1). Testosterone TP14 and TP17 levels were not significantly correlated 
(r = .215, p = .183) as well as TP14 levels and the change in testosterone between 
Ages 14 and 17 (r = -.241, p = .134)1 indicating orthogonal influences of testosterone 
levels at Ages 14 and 172. Testosterone change scores did not significantly differ 
between participants tested at the same time of day3 at both TP14 and TP17 and 
participants tested at different times of day (t(39) = 0.33, p = .745).
To test for developmental differences between girls and boys, a repeated 
measures ANOVA was conducted on PDS scores as well as raw testosterone levels 
at Age 14 and 17. There were significant Age × Gender interactions for both testos-
terone levels (F(1,39) = 26.23, p < .001) and PDS scores (F(1,35) = 9.422, p = .004) 
indicating steeper increases for boys than girls. Remaining effects can be found 
in Supplementary Materials (S2).
fMRI Results
Age 17 multiple regression analysis
Testosterone-modulated congruency effect
Whole-brain analysis revealed a positive testosterone modulation of the congru-
ency effect in the prefrontal cortex (local maxima MNI coordinates: 24, 38, -4, 
pFWE < .001), replicating previous findings at Age 14. A ROI analysis showed that 
this effect was localized in the aPFC (MNI coordinates: 36, 60, 6, SVC pFWE = .015)4.
1 One individual was excluded from this analysis (> 3SD on testosterone change score).
2 Testosterone levels at TP17 were highly related to testosterone change scores (r = .838; p < .001), 
indicating that adolescents whose testosterone levels were higher at Age 17 also had the larger 
increase in testosterone levels.
3 Morning (10 – 12 am) vs. Afternoon
4 A correlational analysis between aPFC activity and testosterone levels, controlling for time of 
day of saliva sampling, showed the same significant effect (r=.294, p=.014).
68 CHAPTER 3
FIGURE 1. Reaction times for congruent and incongruent movements in response to happy and angry 
faces on the AA task indicate significant congruency effects at both Age 14 and Age 17. Dots repre-
sent average reaction times per condition for each participant; grey lines show individual profiles. 
Thick black bars represent the group mean and thin bars +/- 2 SD.
Testosterone-independent congruency effect
In addition, and in line with findings in adults (Bertsch et al., 2018; Volman, Toni, 
et al., 2011) there were testosterone-independent congruency effects in the aPFC: 
whole-brain analysis showed a testosterone-independent increased prefrontal ac-
tivation during emotion action control (local maxima MNI coordinates: -18, 52, 12, 
pFWE < .001), spreading from the aPFC (ROI analysis MNI coordinates: -20, 50, 12, 
SVC pFWE < .001). (FIGURE 2B).This effect was replicated in a separate model, which 
did not include hormones (Supplementary Information TABLE S4). When testing for 
additional congruency effects, an ROI analysis indicated decreased activity in the 
bilateral amygdalae with higher testosterone levels (MNI coordinates: 30, -8, -12, 
SVC pFWE = .015/ MNI coordinates: -18, 0, -12, SVC pFWE = .039) as well as a reduction 
of activation irrespective of testosterone in the right amygdala (MNI coordinates: 
26, -2, -18, SVC pFWE = .041). We did not find any significant effects in the pulvinar 
(For all effects see TABLE 2).
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Gender
We also conducted a post hoc analysis on gender differences on the testosterone 
modulated and testosterone independent congruency effect. Whole brain analysis 
revealed that both girls and boys had an increased testosterone modulation of 
the congruency effect, but in different subregions of the aPFC (Girls > Boys: MNI 
coordinates: 40, 58, 0, pFWE < .001; Boys > Girls: MNI coordinates: -20, 50, 10, pFWE 
< .001). For all gender effects see TABLE S3 in Supplementary Material.
Longitudinal multiple regression analysis
We tested for the reliability of the fMRI signal between TP4 and TP17 for basic 
effects (not related to development). The interclass correlation coefficients (ICC) 
were overall high for the selected regions (cerebellum, postcentral gyrus, occipital 
cortex; for details see Supplementary Materials S5). Below we detail the develop-
mental effects between the two time-points.
Changes in testosterone modulation of congruency effect
To investigate the developmental trajectory of testosterone on emotion control, we 
first tested for differences between Age 14 and 17 in the testosterone-modulated 
congruency effect. The ROI analysis revealed a borderline significant effect in the 
aPFC (MNI coordinates: -36 46, -6, SVC pFWE = .052) showing that the modulation ob-
served at Age 14 was no longer present at Age 175. (This effect was also replicated 
in a separate control analysis, which did not include cortisol and was significant 
at SVC pFWE = .046. For all effects see Supplementary Information TABLE S5). To con-
firm the aPFC effect, an independent Bayesian correlation analysis was conducted 
on extracted parameter estimate values from bilateral ROIs in the aPFC around 
the peak voxel from the previously reported effect (Tyborowska et al., 2016). A 
Bayes Factor (BF) of 44 pointed to strong evidence supporting the positive cor-
relation between the Age 14 aPFC congruency effect and testosterone TP14 levels 
(MNI coordinates: -40, 50, -6). There was inconclusive evidence for this at Age 17 
(BF < 10). Furthermore, to test for a significant difference between the two cor-
relations (Age 14 aPFC congruency effect – testosterone TP14 and Age 17 aPFC 
congruency effect – testosterone TP17), we used a Fisher’s r to z transformation to 
obtain a z score based on the difference and the variance of the difference between 
5 A correlational analysis between aPFC activity and testosterone levels, controlling for time of day 
of saliva sampling, showed the same results, that is a significant effect at TP14 (r = .514, p = .001) 
and the lack of an effect at TP17 (r = 1.66, p = .305).
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these correlations. A one-tailed test of significance6 showed that the correlation 
between Age 14 aPFC congruency effect – testosterone TP14 was significantly 
higher than the latter (z = 1.725, p = .042).
Based on the previously reported findings of a negative testosterone- 
modulated congruency-effect in the hippocampus (Tyborowska et al., 2016), we 
conducted an exploratory ROI analysis on this region given its developmental role 
in the executive control and emotion circuits (Murty, Calabro, & Luna, 2016). There 
was an interaction between Age 14 and 17 (MNI: -32, -36, 8, SVC pFWE = .027) indi-
cating that while at Age 14 lower testosterone values were associated with more 
hippocampus activity during incongruent vs. congruent trials, at Age 17 higher 
testosterone levels were related to more hippocampus involvement (For all effects 
see TABLE 3).
Changes in testosterone-independent congruency effect
Irrespective of testosterone levels, there was also an interaction between Age 
14 and 17 and the congruency effect in the left amygdala (MNI coordinates: 
-26, 0, -24, SVC pFWE = .003) indicating that at Age 14 the amygdala was more active 
on incongruent compared to congruent trials while at Age 17 it was deactivated 
(FIGURE 3; for all effects see TABLE 3).
Gender
We conducted a post hoc analysis on the task-related aPFC effect described 
earlier. To check if the same pattern of change was present for both boys and 
girls, we tested for the effect separately in both sexes. Using the same approach 
as in the main analysis, the relevant statistical map of the Affect × Response × 
Testosterone effect was masked by the full interaction [Age × Affect × Response × 
Testosterone (TP14/TP17)]. In line with the notion of girls maturing faster, for girls 
only, there was a significant interaction between age and the congruency effect 
at the same location as reported in the main analysis (MNI coordinates: -36 46 -6, 
SVC pFWE = .015) (FIGURE 2A.). In other words, the reduction of testosterone-modulated 
aPFC activity appears to be driven by girls. No such effect was found for boys.
6 This was based on the hypothesis that the correlation between Age 14 aPFC congruency effect – 
testosterone TP14 was greater than Age 17 aPFC congruency effect – testosterone TP17
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TABLE 2. Significant clusters and peak activation at Age 17 during affect incongruent compared to 
affect congruent trials in the AA task
Anatomical region Side BA k MNI coordinates p t
x y z
Positive testosterone modulation of congruency effect
aPFC/ frontal orbital R 47/11/10 477 24 38 -4 <.001 5.60
Posterior cingulate cortex R 26/23 234 8 -36 22 .003 6.80
SFG/ SMA R/L 32/6 506 14 18 52 <.001 5.40
Inferior parietal gyrus R 40 313 42 -48 42 <.001 4.59
Middle temporal gyrus L 21 175 -62 -30 4 .012 4.50
Negative testosterone modulation of congruency effect
Amygdala R 20 30 -8 -12 .015a 3.74
L 34 -18 0 -12 .039a 3.37
Precentral gyrus R 6 148 48 -8 54 .026 5.21
L 6 158 -50 2 28 .019 4.52
Superior occipital gyrus R 19/18 304 20 -86 18 .001 5.04
Middle occipital gyrus L 19 164 -32 -86 30 .016 4.46
Cerebellum R - 272 12 -70 -24 .001 5.18
Increased activity - congruency effect
aPFC /SFG R/L 46/10 2202 -18 52 12 <.001 6.97
SFG /Middle frontal gyrus L 8 245 -22 18 54 .002 5.26
Cerebellum L - 466 -30 -80 -26 <.001 5.23
SFS R 48 239 22 6 30 .002 4.94
SFS / Midcingulate cortex L 32 182 -16 18 36 .01 4.82
Calcarine sulcus R 17 129 4 -92 2 .037 4.36
Fusiform gyrus L 37 125 -32 -38 -16 .05 4.24
Decrease activity – congruency effect
Rolandic operculum / Superior 
temporal gyrus
L 48/42 589 -40 -20 14 <.001 5.54
Inferior parietal gyrus / Post 
central gyrus / Precentral gyrus
L 3/4/6 1393 -54 -24 46 <.001 5.39
Supramarginal gyrus / Superior 
temporal gyrus
R 48/42 1321 32 -22 30 <.001 5.22
Inferior frontal gyrus R 44 204 48 10 24 .006 4.88
Amygdala R 34 26 -2 -18 .041a 3.41
Note: BA, Brodmann Area; k, number of voxels in a cluster; p, FWE-corrected cluster-level value; 
t, t-statistic at the peak voxel; R, right; L, left. SFG, superior frontal gyrus; SFS, superior frontal sulcus; 
SMA, supplementary motor area.
a SVC pFWE peak voxel statistic in anatomically defined area
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TABLE 3. Significant clusters and peak activation changes with Age during affect incongruent compared 
to affect congruent trials in the AA task.
Anatomical region Side BA k MNI coordinates p t
x y z
Positive testosterone modulation of congruency effect (Age 17 > Age 14)
Midcingulate cortex L 24 171 -8 4 34 .036 4.44
Hippocampus L 37 -32 -36 -8 .027a 3.82
Decreased testosterone modulation of congruency effect (Age 17 > Age 14)
aPFC L 47 -36 46 -6 .052a 3.78
Increased activity - congruency effect (Age 17 > Age 14)
Midbrain/globus pallidus R - 209 14 -24 -6 .016 4.71
SMA R 6 162 12 -12 48 .044 4.20
Precentral gyrus R 6 166 44 -8 48 .04 4.14
Decreased activity -congruency effect (Age 17 > Age 14)
Amygdala L 28/34/36 -26 0 -24 .003a 4.12
Note: BA, Brodmann Area; k, number of voxels in a cluster; p, FWE-corrected cluster-level value; t, 
t-statistic at the peak voxel; R, right; L, left; SMA, supplementary motor area.
a SVC pFWE peak voxel statistic in anatomically defined area
Functional connectivity
Having shown changes with Age in aPFC and amygdala activation during emotion 
action control, we tested for maturation-related changes in coupling between these 
two regions. Following previous studies (Tyborowska et al., 2016; Volman, Toni, et 
al., 2011), we conducted a psychophysiological interaction analysis during affect 
incongruent vs. affect congruent conditions of the AA task with the aPFC as a seed 
region, the right amygdala as ROI and testosterone TP14 and TP17 levels as co-
variates. The results showed that the connectivity strength between the aPFC and 
right amygdala changed as a function of testosterone and gender (MNI coordinates: 
32, -2, -26, SVC pFWE = .029). Namely, both girls and boys with higher testosterone 
levels had more positive coupling at Age 14, whereas at Age 17 higher testosterone 
levels were related to increased negative coupling only in girls (FIGURE 2C). No 
gender–independent effects were found in aPFC–amygdala connectivity changes. 
Additional results from exploratory connectivity analysis with the amygdala can 
be found in Supplementary Material S3.
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FIGURE 2. Task-related activity and functional coupling between the aPFC and amygdala during 
emotional control (incongruent vs. congruent trials). A). Testosterone modulation of aPFC activity 
during emotional control decreased from Age 14 to 17 (SVC pFWE =  .052). This effect was driven 
by girls, and not boys (SVC pFWE =  .015). Scatterplots show the mean-adjusted BOLD congruen-
cy effects (incongruent > congruent) for Age 14 (blue) and Age 17 (green) separately per gender. 
B). Testosterone independent aPFC control emerges at Age 17 (pFWE < .001). C). Functional coupling 
between the aPFC and right amygdala changed with Age as a function of testosterone in girls, but 
not boys (SVC pFWE = .029). The scatterplots illustrate mean-adjusted congruency-related modulation 
of aPFC-amygdala connectivity for Age 14 (blue) and Age 17 (green), separately for girls and boys.
For visualization purposes activation clusters are presented at an uncorrected threshold of p < .05.
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FIGURE 3. Amygdala activity during emotion control decreased with Age (SVC pFWE = .003). The scat-
terplot illustrates the mean-adjusted BOLD congruency effect (incongruent > congruent responses) 
per Age. Dots represent the size of the congruency effect of each participant; grey lines show indi-
vidual changes.
Discussion
This longitudinal investigation tested the contribution of pubertal testosterone on 
prefrontal emotion control during the transition from mid to late adolescence. In 
line with predictions from animal models, the effect of testosterone as a driving 
agent of aPFC engagement decreases in late adolescence (Age 17). While higher 
testosterone levels are still related to increased aPFC activity, this involvement 
is significantly lessened compared to Age 14. In fact, at Age 17 the aPFC is also 
activated during control of social-emotional actions independently from pubertal 
testosterone effects. Additionally, this change in testosterone function is accom-
panied by a reduction in amygdala reactivity during emotion control. Accordingly, 
and in line with faster pubertal maturations in girls, a pattern of negative 
aPFC-amygdala connectivity was observed in girls – hallmarks of adult-like cir-
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cuitry found in previous studies (Volman, Roelofs, et al., 2011; Volman et al., 2013). 
Taken together, these findings point to a relative decrease in testosterone’s role as a 
neurodevelopmental pubertal hormone and demonstrate the concurrent matura-
tion of the prefrontal-amygdala circuit from mid to late adolescence.
The Emergence of Mature aPFC Control
It is well established that during adolescence, the prefrontal cortex undergoes 
structural and functional reorganization (Baker et al., 2015; Tamnes et al., 2017; 
Ziegler et al., 2017). Importantly, cognitive control enhances during emotional 
situations, which is accompanied by dynamic changes in prefrontal circuitry 
(Cohen et al., 2016; Silvers et al., 2016). The results of the present study extend 
these findings to cognitive control of automatic emotional actions. Specifically, 
in adults, control of emotional action tendencies is dependent on the aPFC, which 
down-regulates amygdala-driven reactivity (Volman, Roelofs, et al., 2011; Volman 
et al., 2013). In support of this notion, we show a reduction in amygdala respon-
siveness between Ages 14 and 17 that points to a general decrease in amygdala 
bottom-up interference in emotion control (Hare et al., 2005). In addition, we find 
that negative aPFC-amygdala coupling emerges in late adolescence, suggestive of 
aPFC inhibition. The change in aPFC-amygdala coupling is present only in more 
mature 17-year old girls (i.e., girls with higher testosterone levels), in line with the 
tendency for faster pubertal maturation and earlier stabilization of testosterone 
levels in girls than boys (Braams et al., 2015; Shirtcliff et al., 2009). Finally, this 
effect is corroborated by the fact that the decrease in pubertal testosterone effects 
on aPFC control is driven by girls.
The results of the current study are also in line with developmental shifts 
towards increased prefrontal control over subcortical regions shown in other 
domains of emotion-relevant processing (Heller et al., 2016; Vink et al., 2014), in-
cluding motor response inhibition (Rubia et al., 2000; Stevens et al., 2007), reward 
sensitivity (Braams et al., 2015; Forbes et al., 2010; Urošević et al., 2012), and 
perceptual processing of emotional faces (Barbalat et al., 2013; Hare et al., 2008; 
Monk et al., 2003; Somerville et al., 2011). Thus, the emergence of mature aPFC 
control and downregulation of amygdala reactivity in the present study extends 
the subcortical – prefrontal transition during adolescence to the control of emo-
tional actions.
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Developmental Changes in the Function of Testosterone
Rapid changes in testosterone levels during the first half of adolescence drive and 
organize neural development by modulating cell proliferation, cell death, and syn-
aptic connectivity (Nguyen et al., 2013; Schulz et al., 2009b; Sisk & Zehr, 2005; Zehr 
et al., 2006). This effect declines by late adolescence, when testosterone activates 
specific socio-sexual behaviors. The results of the current study translate findings 
from animal work on the organizational – activational hypothesis and show that 
in humans the effect of pubertal testosterone on aPFC emotion control decreases 
between mid and late adolescence. This change is supported by the emergence of 
prefrontal control independent of testosterone levels. Support for the aforemen-
tioned hypothesis also comes from our previous research in this sample during 
mid adolescence, showing that the involvement of the aPFC-amygdala circuit, re-
sponsible for controlling social-emotional actions, is related to maturation through 
pubertal testosterone (Tyborowska et al., 2016). The results of the current study 
further support the notion of testosterone-organizational effects in the human 
prefrontal cortex and amygdala and extend the changing role of testosterone in the 
emergence of adult-specific prefrontal control of emotions (Nguyen, McCracken, 
et al., 2016; Sisk, 2016).
Interpretational Issues
The emergence of adult-like aPFC-amygdala regulation of social-emotional actions 
was not coupled with differences in behavior. However, the AA task used in this 
study is designed to evoke a mild social challenge that, in a healthy cohort, does 
not lead to behavioral differences. This feature of the experimental design was 
selected to isolate pubertal maturational effects at the neural level, avoiding in-
terpretational confounds due to differences in task performance.
We did not hypothesize changes in hippocampal activation between 
mid and late adolescence. It remains to be seen whether these changes reflect 
adolescent-specific processes related to neural maturation and functional refine-
ment of this neural structure (Murty et al., 2016; Nguyen, Lew, et al., 2016).
The choice of testosterone as an objective and physiological marker 
of pubertal development in both girls and boys is supported by previous work 
(Huang et al., 2012; Shirtcliff et al., 2009) and the organizational effects of this 
hormone on neural development during adolescence (Herting et al., 2014; Nguyen, 
McCracken, et al., 2016; Schulz & Sisk, 2016). Because testosterone can act on 
receptors through its conversion to other steroid hormones, it can have similar 
effects in women and men (Burger, 2002). Importantly, the testosterone effects 
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reported here reflect within-sex variation: testosterone levels were standardized 
within sex, so its effects cannot be attributed to relative differences in hormonal 
levels between females and males. Future studies should test whether the effects in 
females obtained outside the menstrual phase, replicate when taking into account 
the precise phase of the menstrual cycle.
The present study addresses the transition in organization effects of testos-
terone on aPFC control with the assumption that activational effects will emerge 
in adulthood. It is important to keep in mind that this does not occur as a dichot-
omous change, but is most likely a gradual shift between organizational and acti-
vational effects. However, in the present sample (Age 14 – 17), we do not yet find 
evidence of these activational effects- represented as a negative relation between 
testosterone and aPFC control (Volman, Toni, et al., 2011). In line with this idea, we 
also hypothesize that the mature aPFC-amygdala coupling we find in 17-year-old 
girls will have also emerged in adulthood for boys. We therefore assume that the 
neural control differences we find between girls and boys at Age 17 are not simple 
sex differences, but rather an effect of a neural maturation lag observed in males 
compared to females (Erus et al., 2015; Ziegler et al., 2017). In order to quantify 
the trajectory of this transition, we are conducting a follow-up study to test the 
same individuals when they have reached adulthood.
Conclusion
With the use of a prospective longitudinal design, the present study sought to char-
acterize the functional shift in testosterone from mid to late adolescence and its re-
lation with the neural control of emotional actions. Our findings support a decrease 
in the organizational effects of testosterone in the aPFC and the concurrent mat-
uration of the prefrontal-amygdala circuit during adolescent development across 
genders, and particularly in girls. These results are relevant for neuro-endocrine 
models of pubertal development by explicating the mechanisms involved in the 
maturation of emotional action control. Chronic failures in controlling emotional 
action tendencies are common in various affective disorders, whose onset peaks 
in adolescence (Kessler et al., 2007). This study opens the possibility of testing 
whether altered neuro-endocrine trajectories are mechanistically related to the 
development of psychopathology, such as social anxiety and aggression.
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Supplementary Material
S1. Behavioral Results – Longitudinal Analysis: Age and Testosterone Inter-
action Effects for RTs and ERs
For RTs, there was a significant Age × Testosterone TP14 interaction 
(F(1,33) = 7.369, p = .01) and Age × Valence × Testosterone TP14 interaction 
(F(1,33) = 5.375, p = .027) indicating the previously described association be-
tween lower Testosterone TP14 levels and faster responses to happy faces at 
Age 14 (Tyborowska et al., 2016) was not present at Age 17. Additionally, there 
was a significant Gender × Testosterone TP14 × Testosterone TP17 interaction 
(F(1,33) = 11.692, p = .002). A post hoc analysis of this effect revealed a signifi-
cant Age × Testosterone TP14 × Testosterone TP17 interaction (F(1,16) = 10.405, 
p = .005) for girls but not for boys (F(1,13) = 1.335, p = .269) showing that higher tes-
tosterone levels were related to overall faster responding at Age 14 but not Age 17.
There were significant interactions between Age × Valence × Testosterone 
TP14 (F(1,34) = 4.812, p = .039)) and Age × Valence × Testosterone TP17 
(F(1,33) = 4.437, p = .043) for ERs meaning that at Age 14 more errors on angry faces 
were associated with lower testosterone levels, but more errors on happy faces were 
related to higher (future) testosterone levels at 17. Additionally, there was a strong 
trend in Age × Valence × Response × Testosterone TP14 interaction (F(1,33) = 4.019, 
p = .053). A post hoc analysis split for Age revealed a significant Valence × Response 
× Testosterone TP14 interaction at Age 17 (F(1,33) = 7.172, p = .011), but not Age 
14 (F(1,33) = .578; p = .453), indicating that higher testosterone levels at Age 14 
were related to improved performance (i.e., smaller congruency effect) at Age 17.
S2. Developmental Differences Between Girls and Boys
A post hoc t-test on the repeated measures ANOVA, indicated that PDS scores at 
TP14 were significantly higher for girls (t(35) = 3.054, p = .004), whereas at TP17 
there was no difference (t(39) = .606, p = .548) (TABLE 1 in manuscript). Steeper 
increases in PDS scores for boys compared to girls were supported with a t-test 
on PDS change scores between Age 14 and Age 17 (t(35) = 3.069, p = .004). This 
was the same for testosterone change scores, where boys had significantly greater 
increases than girls (t(39) = 5.122, p < .001). Taken together, these results point to 
developmental timing differences between boys and girls.
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S3. Functional Connectivity Results – Exploratory Analyses
Given the task-related hippocampal effect, we conducted an exploratory analysis to 
test for changes in coupling between the amygdala (seed region) and hippocampus 
similarly to the model presented in the main manuscript. An ROI analysis on the 
bilateral hippocampus showed a switch in connectivity between the left amygdala 
and anterior hippocampus from more positive coupling at Age 14 to more negative 
coupling at Age 17 with higher testosterone levels (MNI coordinates: 34, -14, -24, 
SVC pFWE = .025).
To test for connectivity changes related to motor control, we also conducted 
an exploratory analysis with the primary motor (PM) cortex as seed region utilizing a 
similar model as that presented in the main manuscript (but without including testos-
terone as a covariate). A whole brain analysis revealed connectivity changes between 
the PM cortex and mid cingulum cortex (MNI coordinates: 0, 0, 34, pFWE = .008) and 
PM cortex and dorsal lateral PFC (MNI coordinates: 26 20 42, pFWE = .028) were dif-
ferent for boys and girls. Namely, PM cortex – mid cingulum connectivity changed 
from negative to positive at Age 17 for girls, but not boys. While boys had positive 
PM cortex – dorsal lateral PFC connectivity at Age 14 but no connectivity at 17, the 
opposite was true for the girls: no connectivity at Age 14 and positive at Age 17.
S4. Controlling for Scanner-Related Effects
In addition to including scanner-specific regressors in the TP17 and Longitudinal 
GLM models, we also checked whether there were significant differences in our 
regions of interest, namely, the aPFC and amygdala. In the TP17 model, partici-
pants tested in the Trio scanner (compared to PRISMA) had stronger congruency- 
related activity in the left aPFC (MNI coordinates: -20, 52, 12; SVC pfWE < .001). In 
the Longitudinal model, participants tested in the PRISMA scanner (compared 
to Trio) had weaker congruency-related activity (MNI coordinates: -28, 62, 16; 
SVC pFWE = .045). These two observations indicate that scanner-related influences 
on congruency effects are not systematic and homogenous within the ROI.
Most critically, we checked whether scanner type influenced the 
testosterone -modulated effect at TP17 with a t-test on the parameter estimates 
extracted from the peak of the aPFC ROI showing a positive testosterone modula-
tion (MNI coordinates: 36, 60, 6). There were no significant differences between 
data from the Trio and Prisma scanners (t(69) = 1.6, p = .106). Additionally, a cor-
relation analysis on these betas and testosterone remained significant when con-
trolling for scanner type (r = .335; p = .005). We performed a similar t-test on the 
peak aPFC parameter estimates from the Longitudinal model (MNI coordinates: 
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 -36, 46, -6), which did not show significant differences between the Trio and 
PRISMA scanners (t(39) = .785, p = .437). The direction of the effect (i.e., decreased 
testosterone modulation with age) was the same for both scanners. These ob-
servations indicate that scanner-type did not influence testosterone-modulated 
congruency effects in the aPFC.
Lastly, we checked whether the decrease in amygdala activation between 
TP14 and TP17 (manuscript Fig. 3) is influenced by differences between the two 
scanners. A t-test on parameter estimates of change (peak voxel at MNI coordi-
nates: -26, 0, -24) showed that there was a mean decrease of amygdala activity in 
both scanner groups and that there were no significant difference between them 
(t(39) = 1.23, p = .228).
S5. fMRI Reliability Analysis
For the reliability analysis, we choose three regions whose activation pattern 
we did not expect to differ as a result of developmental processes between Age 
14 and Age 17 during the AA task: the cerebellum, somatosensory cortex and 
visual cortex. We conducted an F test on all task effects across both time-points 
and extracted parameter estimates from the peak voxel of the significant clus-
ters matching our selected regions: cerebellum (MNI coordinates: -34, -70, -22; 
pFWE < .001; k = 567; F = 5.87), postcentral gyrus (MNI coordinates: 40, -34, 60; 
pFWE = .002; k = 171; F = 4.40) and occipital cortex (MNI coordinates: -14, -96, 16; 
pFWE <.001; k = 1306; F = 5.65). A reliability analysis (interclass correlation coef-
ficient; ICC) was conducted between TP14 and TP17 measurements across the 
three regions which showed good reliability between all measures. The average 
measure ICC for the cerebellum was .86 with a 95% confidence interval from .74 
to .93 (F(40,40)= 7.28, p < .001). The average measure ICC for the postcentral gyrus 
was .79 (95% confidence interval from .61 to .89; F(40,40) = 4.85, p < .001). Finally, 
for the occipital cortex, the average measure ICC was .77 with a 95% confidence 
interval from .57 to .88 (F(40,40) = 4.31, p < .001.
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TABLE S1. Overview of main fMRI analyses
Model Analysis
Age 17 (n = 71) Congruency effect
Congruency effect × Testosterone TP17
Congruency effect × Testosterone TP17 × gender
Longitudinal 14 – 17 (n = 41) Congruency TP14 × Congruency TP17
[Congruency TP14 × Testosterone TP14] × [Congruency TP17 × 
Testosterone TP17]
[Congruency TP14 × Testosterone TP14] × [Congruency TP17 × 
Testosterone TP17] × gender ^
Note: The Congruency effect is the Affect × Response interaction
^post hoc analysis
TABLE S2. Reaction times and error rates for participants on the AA task per Age
Age 14 Retest Age 17 Retest Age 17 Total
Approach Avoid Approach Avoid Approach Avoid
RT (ms)
Happy 625 (17) 680 (18) 549 (15) 596 (14) 557 (12) 600 (12)
Angry 676 (21) 680 (19) 580 (15) 590 (16) 591 (13) 593 (12)
ER (%)
Happy 6.9 (0.6) 8.5 (1) 4.5 (0.7) 6.3 (1) 4.2 (0.6) 6.5 (0.8)
Angry 8.8 (1.4) 7.0 (0.9) 4.8 (0.9) 4.6 (0.7) 5.0 (0.7) 4.3 (0.5)
Values indicate the mean (SE) across participants. Retest participants (n = 41) are those that have 
completed both assessments. Age 17 participants (n = 71) represent the entire sample collected at that 
age. Data for the entire sample of Age 14 participants (n = 47) is available in Tyborowska et al.(2016).
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TABLE S3. Significant clusters and peak activation at Age 17 during affect incongruent compared to 
affect congruent trials in interaction with gender.
Anatomical region Side BA k MNI coordinates p t
x y z
Girls > Boys Positive testosterone modulation of congruency effect
aPFC/Middle frontal gyrus R 46/10 573 40 58 0 <.001 6.24
Inferior parietal gyrus L 40 575 54 -44 40 <.001 6.08
Superior frontal gyrus R 8 244 28 12 64 .002 5.99
Postcentral gyrus R 2/3 136 34 -42 62 .036 4.53
Middle occipital gyrus L 19 291 -40 -86 14 .001 4.62
Cerebellum R 162 24 -42 -38 .017 5.22
Boys > Girls Positive testosterone modulation of congruency effect
aPFC/ACC L 10/32 562 -20 50 10 <.001 6.05
SMA R 6 757 16 -24 54 <.001 6.05
Midcingulate cortex/WM R 24 162 10 -4 28 .017 6.78
Lingual gyrus L 18 136 -16 -76 -4 .036 5.34
Girls > Boys Increased activity - congruency effect
Middle temporal gyrus L 39 263 -52 -64 24 .001 5.22
Fusiform gyrus L 37 129 -32 -40 -18 .045 4.16
Fusiform / Lingual gyrus R 37/19 232 32 -58 -2 .003 5.66
Lingual gyrus R 18 426 18 -92 -8 <.001 5.52
Boys > Girls Decrease activity – congruency effect
Precentral gyrus R 6 166 42 8 44 .016 5.21
Postcentral gyrus L 3/2 226 -38 -34 66 .003 4.93
SMA R/L 32/6 336 8 14 48 <.001 4.84
Posterior cingulate cortex L 23 371 -18 -26 36 <.001 5.93
Supramarginal gyrus R 40/2 421 52 -32 46 <.001 5.53
L 2 140 -52 -32 36 .032 4.65
Superior temporal gyrus L 48/41 205 -32 -42 14 .006 4.65
Note: BA, Brodmann Area; k, number of voxels in a cluster; p, FWE-corrected cluster-level value; 
t, t-statistic at the peak voxel; R, right; L, left. ACC, anterior cingulate cortex; SMA, supplementary 
motor area; WM, white matter
a SVC pFWE peak voxel statistic in anatomically defined area
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TABLE S4. Significant clusters and peak activation at Age 17 during affect incongruent compared to 
affect congruent trials in the AA task – model without hormones
Anatomical region Side BA k MNI coordinates p t
x y z
Increased activity - congruency effect
aPFC /ACC L 46/10/32 1341 -22 50 12 <.001 6.08
Medial frontal gyrus R 32 394 18 44 12 <.001 5.62
Cerebellum L 651 -30 -80 -26 <.001 5.17
SFG L 8 413 -24 18 58 <.001 4.93
IFG / middle frontal gyrus R 48/9 287 20 12 32 .001 4.77
Decrease activity – congruency effect
Rolandic operculum L 48 382 -40 -20 14 <.001 5.84
Precentral gyrus L 6 1316 -28 -20 54 <.001 5.13
Supramarginal gyrus R 48 762 32 -22 30 <.001 4.81
IFG R 44 158 48 10 24 .02 4.73
Note: BA, Brodmann Area; k, number of voxels in a cluster; p, FWE-corrected cluster-level value; t, 
t-statistic at the peak voxel; R, right; L, left. ACC, anterior cingulate cortex; SFG, supplementary frontal 
gyrus; IFG, Inferior frontal gyrus
a SVC pFWE peak voxel statistic in anatomically defined area
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TABLE S5. Significant clusters and peak activation changes with Age during affect incongruent 
compared to affect congruent trials in the AA task – model without cortisol
Anatomical region Side BA k MNI coordinates p t
x y z
Positive testosterone modulation of congruency effect (Age 17 > Age 14)
ACC R 7 157 24 40 6 .046 4.39
Hippocampus L 37 -32 -36 -8 .025a 3.90
Decreased testosterone modulation of congruency effect (Age 17 > Age 14)
aPFC L 47 -34 46 -6 .046a 3.82
Increased activity - congruency effect (Age 17 > Age 14)
Rolandic operculum L 48 161 -44 -10 16 .042 4.57
Precentral gyrus R 6 175 48 -6 50 .03 4.49
Midbrain/globus pallidus R - 196 14 -24 -6 .019 4.36
SMA R 6 185 8 0 66 .024 4.14
Decreased activity -congruency effect (Age 17 > Age 14)
Amygdala L 28/34/36 -26 0 -24 .004a 4.03
Middle frontal gyrus L 9 168 -28 30 44 .036 4.12
Note: BA, Brodmann Area; k, number of voxels in a cluster; p, FWE-corrected cluster-level value; 
t, t-statistic at the peak voxel; R, right; L, left. ACC, anterior cingulate cortex; SMA, supplementary 
motor area.
a SVC pFWE peak voxel statistic in anatomically defined area
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Animal and human studies have shown that both early-life trau-
matic events and ongoing stress episodes affect neurodevelop-
ment, however, it remains unclear whether and how they mod-
ulate normative adolescent neuro-maturational trajectories. 
We characterized effects of early-life (age 0-5) and ongoing 
stressors (age 14-17) on longitudinal changes (age 14 to17) 
in grey matter volume (GMV) of healthy adolescents (n=37). 
Timing and stressor type were related to differential GMV 
changes. More personal early-life stressful events were as-
sociated with larger developmental reductions in GMV over 
anterior prefrontal cortex, amygdala and other subcortical 
regions; whereas ongoing stress from the adolescents’ social 
environment was related to smaller reductions over the orbi-
tofrontal and anterior cingulate cortex. These findings sug-
gest that early-life stress accelerates pubertal development, 
whereas an adverse adolescent social environment disturbs 
brain maturation with potential mental health implications: 
delayed anterior cingulate maturation was associated with 




Adolescence is a critical developmental stage during which a cascade of biological 
changes leads to profound structural modifications in the brain. The protracted 
maturation of human adolescents (Giedd et al., 2006; Tamnes et al., 2010) makes 
brain development particularly sensitive to ongoing environmental stressors 
(Lupien et al., 2009). Studies in clinical populations and animal models have also 
shown that neurodevelopmental trajectories are influenced by incubated effects of 
early-life stressors (Fareri & Tottenham, 2016; Kolb, Harker, Mychasiuk, de Melo, & 
Gibb, 2017). In this study we examined the effects of early-life stress, experienced 
from birth until 5 years of age, on brain developmental trajectories of healthy adoles-
cents (14-17 years old), while also considering cerebral effects of ongoing stressors.
Cross-sectional studies have provided converging evidence for the effects 
of early-life and pubertal stress on developmental susceptibility of grey matter 
volume (GMV; Carrion & Wong, 2012; Cohen et al., 2013). However, inferences on 
developmental trajectories require longitudinal designs. Previous neurodevelop-
mental studies on the effects of early-life adversity have used longitudinal designs 
in (sub-) clinical cohorts (Carrion, Weems, & Reiss, 2007; De Bellis, Hall, Boring, 
Frustaci, & Moritz, 2001; Whittle et al., 2013), but those studies cannot distinguish 
general developmental effects from cohort-specific effects. By discriminating be-
tween the effects of different types of stress, exerted at different developmental 
times, we characterize the stress susceptibility of grey matter maturation in a 
normative sample during the final window of pubertal plasticity (Herting et al., 
2014; Koolschijn et al., 2014; Nguyen et al., 2013).
Stress activates the production of glucocorticoids that influence receptors 
distributed throughout the brain, with particularly high concentrations in the 
prefrontal cortex, hippocampus, and amygdala (Dziedzic et al., 2014; Sapolsky, 
Romero, & Munck, 2000). These stress-sensitive brain regions are particularly 
susceptible during adolescence, when hormonal stress sensitivity is enhanced 
(McCormick et al., 2010; Romeo, 2017), leading to stress-related reductions in 
GMV (Brooks et al., 2014; De Brito et al., 2013; Hanson et al., 2015; Hodel et al., 
2015). One interpretation of volumetric reductions, particularly in animals and 
adults, has been linked to the toxic effects of glucocorticoids causing dendritic 
spine loss or even cell death (Lupien et al., 2009; Sapolsky et al., 1986). However, 
recent studies have interpreted structural changes, particularly during adoles-
cence, as accelerated maturation of neural circuits associated with emotional pro-
cessing due to an evolutionary prioritization of adult-like functioning (Callaghan & 
Tottenham, 2016). Brain volumetric changes may be the net result of differential 
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effects of current stress and stress experienced early in life, different maturational 
profiles of prefrontal and limbic structures, and the interaction between stress 
occurrence and developmental state (Ansell, Rando, Tuit, Guarnaccia, & Sinha, 
2013; Giedd et al., 2006; Kuhn et al., 2015; Tottenham & Sheridan, 2010). Beside 
timing of stress occurrence, the nature of the stressors might also diversely impact 
neurodevelopmental trajectories (Teicher, Samson, Anderson, & Ohashi, 2016). 
Here we consider two distinct stressor categories, that is personal negative life 
events (such as illness, parental divorce, etc.) and adverse social environments. 
For the latter, we account for the fact that children of different ages are predomi-
nantly sensitive to different social environments – the relationship with parents 
has a profound impact during early childhood (Luby, Belden, Harms, Tillman, & 
Barch, 2016; Smeekens, Riksen-Walraven, & van Bakel, 2007), whereas peer rela-
tionships become increasingly important during adolescence with poor relations 
forming a potent stress-factor in that time-window (Sebastian, Viding, Williams, 
& Blakemore, 2010; Steinberg & Morris, 2001).
This study disambiguates cerebral effects of early childhood events from 
current pubertal stress, evoked by personal and by social circumstances, on neu-
rodevelopmental trajectories. Those trajectories are estimated from a structural 
index of brain development (GMV) measured between mid and late adolescence 
in 37 adolescents tested at 14 and 17 years of age (FIGURE 1). We apply whole-brain 
statistical inferences. We expect that regions with a high distribution of glucocor-
ticoid receptors will show stress-effects on brain development (McEwen, 2013), 
namely the prefrontal cortex, amygdala, and hippocampus. Finally, we consider 
the behavioral relevance of the longitudinal GMV changes observed in adolescents 
and focus on traits known to provide risk factors for the occurrence of psychopa-
thology later in life, that is callous unemotional traits and internalizing symptoms 
(Fareri & Tottenham, 2016; Forbes et al., 2016; Frick & White, 2008).
Results
Effects of Early Childhood Stress
Changes in brain structure between ages 14 and 17 were significantly modulated 
by early-life events. Namely, adolescents who experienced more negative personal 
early-life events (before age 5) showed larger GMV decreases. These decreases 
occurred in subcortical structures such as the putamen, insula, caudate, and thala-
mus, as well as cortical areas spanning the prefrontal, frontal, posterior cingulate 
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FIGURE 1. Model of early childhood and current adolescent factors influencing pubertal neural de-
velopment. The amount of stressors, i.e., negative personal life events and social environment, affect 
the magnitude of change (positive or negative) in grey matter volume (GMV).
and temporal cortex (FIGURE 2, TABLE 1). A similar direction, but different type of 
GMV changes occurred in the amygdala – more negative personal early-life events 
were associated with a lack of growth in this region between ages 14 and 17. 
Having experienced no and one negative personal life event was even associated 
with an increase in amygdala volume. These effects were not related to base-
line differences at age 14 in respect to early-life events (see S2 in Supplementary 
Information). Variations in early social environment were not associated with 
significant GMV changes (see S3 in Supplementary Information for model con-
trolling scanner-type effects). General developmental changes are addressed in 
Supplementary Information, TABLE S3 and TABLE S4.
Effects of Current Adolescent Stress
Negative personal life events during adolescence were not associated with sig-
nificant modulations of grey matter maturation. However, variations in the peer 
environment were associated with GMV changes in the anterior cingulate, parahip-
pocampus, and prefrontal cortex (FIGURE 3, TABLE 1). Namely, adolescents disliked 
by their peers showed smaller GMV decreases in those cortical regions, and even 
an increased GMV in the hippocampus (see S3 in Supplementary Information for 
model controlling scanner-type effects). General developmental changes are ad-
dressed in Supplementary Information, TABLE S3 and TABLE S4.
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FIGURE 2. Personal early-life events modulate grey matter volume (GMV) changes in the a) pre-
frontal cortex, b) insula, and c) amygdala (statistical maps thresholded at TFCE pFWE < .05 overlaid 
on representative structural images). For visualization purposes, the number of adverse life events 
(LE) was split into three categories: 0, 1, 2+ (two or more) negative events. Graphs show parameter 
estimates of GMV change between ages 14 and 17. SE, social environment; TFCE, threshold-free 
cluster-enhancement; FWE, family-wise error; x and y indicate medio-lateral and antero-posterior 
location of the structural section in stereotactic space, respectively. Error bars represent +/- 1 SE.
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FIGURE 3. Adolescent peer social environment modulates GMV changes in the a) left hippocampus, 
b) right parahippocampal gyrus, and c) anterior cingulate cortex (TFCE pFWE < .05). For visualization 
purposes, adolescent peer environment was grouped into three categories: liked (> 0.5 on social 
preference scale), mixed (0 to 0.5 on social preference scale), and disliked (< 0 on social preference 
scale). Graphs show parameter estimates of GMV change between ages 14 and 17. Other conventions 
as in FIGURE 2. Error bars represent +/- 1 SE.
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Interaction Effects of Early and Current Stressors
Two additional models tested for the interaction of early and current stressors as 
well as the effect of socioeconomic status (SES) on GMV changes described above. 
In the first model, the interaction of negative personal early-life events and the 
adolescent peer environment did not significantly modulate GMV, showing that 
early and current stress are independently related to neurodevelopmental matu-
ration. In the second model, SES also did not significantly modulate GMV changes. 
All effects of early and adolescent stressors described previously remained the 
same in both models.
Behavioral Relevance of Longitudinal GMV Changes in Adolescents
We also assessed the behavioral relevance of longitudinal GMV changes observed 
in our adolescent sample. We explored whether volumetric changes in regions 
affected by early-life stress were related to the presence of internalizing symp-
toms and adolescent social stress to callous-unemotional traits. Correlational 
analysis between grey matter volume changes (controlled for early and current 
life events, early social environment, and gender) and callous-unemotional traits 
showed a positive relationship localized to the right anterior cingulate cortex 
(r = .39, p = .018, Bayes Factor = 6.05). Namely, a smaller developmental GMV de-
crease in the right anterior cingulate cortex was associated with the presence of 
more callous-unemotional traits (FIGURE 4). The correlation between right anterior 
cingulate cortex GMV changes and callous-unemotional traits remained signifi-
cant when controlling for adolescent social environment (r = .33, p = .048). This 
relationship was not present for the bilateral orbitofrontal cortex (r = .28, p = .091, 
Bayes Factor = 1.53). There were no significant associations between internalizing 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































FIGURE 4. Scatterplot of the association between parameter estimates of GMV change in right 
anterior cingulate cortex and callous unemotional traits (r = .39). Each dot represents a participant 
(n = 37). Shaded area represents scores above the cutoff point for individuals at risk (Docherty, Boxer, 
Huesmann, O’Brien, & Bushman, 2017).
Discussion
In this study, we tested the contribution of early childhood and current stress 
factors on brain maturation of adolescents between mid and late puberty, while 
differentiating between personal and social stress. Cerebral developmental tra-
jectories were accelerated by early childhood personal stress, and delayed or 
disrupted by current social stress. Namely, the maturational decrease in GMV 
over the anterior prefrontal cortex, amygdala, putamen and insula was stronger 
in those adolescents that experienced negative personal life events during early 
childhood. In contrast, the maturational decrease in GMV over the anterior cingu-
late cortex, the parahippocampal gyrus, and the prefrontal cortex was smaller in 
those adolescents that experience ongoing social stress. Early and current stress 
were independently related to GMV changes and did not have a cumulative effect 
on neurodevelopmental maturational profiles. Furthermore, stress-related mod-
ulations of the developmental trajectory of the anterior cingulate cortex were 
already behaviorally relevant, accounting for a significant portion of variance in 
the adolescents’ antisocial traits.
These observations provide the first empirical evidence that, in typically 
developing children, even moderate early-life stress can incubate long-lasting ef-
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fects, leading to increased neural pruning during puberty. The effects of early-life 
stress are functionally and spatially distinct from current social stress, which 
modulates neurodevelopmental trajectories in the opposite direction, and over 
different neural structures. This study also suggests that the neurodevelopmental 
effects of ongoing social stress may be related to adolescents’ behavioral traits. 
These findings qualify how pubertal neural plasticity depends on a combination 
of type and timing of the stressors experienced by a child.
This study shows that negative personal early-life events are associated 
with larger reductions in subcortical and prefrontal GMV, in line with findings from 
sub-clinical cohorts of adolescents dealing with severe traumatic events (Edmiston 
et al., 2011; Hanson et al., 2015; Hodel et al., 2015; Teicher, Anderson, & Polcari, 
2012). Elaborating on previous evidence indicating how childhood maltreatment 
flattens the growth of the amygdala between early to mid-adolescence (Whittle 
et al., 2013), here we show that the trajectory of amygdala development contin-
ues to be impacted by early-life stress during the second half of puberty. Namely, 
even moderate negative personal events occurring early in life, such as illness, 
bias pubertal neurodevelopmental patterns. This bias consists of an increased 
reduction of grey matter volume, within a prefrontal-amygdala circuit known to 
control emotional reactivity (Cohen et al., 2013; Tyborowska et al., 2016). The di-
rection and location of these findings fit with the notion that early-life stress leads 
to faster pubertal brain maturation (Belsky et al., 1991; Callaghan & Tottenham, 
2016), possibly as a consequence of accelerated synaptic pruning (Giedd et al., 
2006; Tamnes et al., 2017). Rodent models have shown that early-life stressors 
alter the regulation of glucocorticoids and hypothalamic corticotropin-releasing 
factor (CRF), leading to long-term hypothalamic-pituitary-adrenal axis disturbances 
(Rincon-Cortes & Sullivan, 2014). Early-life stress may also prematurely activate 
structures of the emotion regulation circuit, fixating the brain into an adult-like 
configuration (Gee et al., 2013) with precocious myelination of amygdala axons 
(Ono et al., 2008) and earlier emergence of adult-like long term potentiation (LTP; 
Lee, Brady, & Koenig, 2003).
Early maturation may be the outcome of an adaptive mechanism at a time 
of heightened stress (Callaghan & Tottenham, 2016). However, it might also pre-
vent the brain from adjusting to the current environment by means of the de-
velopmental plasticity usually afforded by adolescence, leading to later costs for 
mental and physical health (Belsky & Shalev, 2016). Dendritic spine density in the 
prefrontal cortex is strongly influenced by stress-related modulations of the nor-
adrenergic system, and of the GABAergic system within the basolateral amygdala 
and the hippocampus (Albrecht et al., 2017; Arnsten, 2009). In mice, deviations 
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in dendritic spine density induced during puberty are detrimental for optimal 
cognition in adulthood (Afroz, Parato, Shen, & Smith, 2016; Afroz, Shen, & Smith, 
2017). The present findings fit with those neurobiological observations and open 
the way to test whether the GMV changes reported here are driven by structural 
neuronal changes (Maddock & Buonocore, 2012; Moffett, Ross, Arun, Madhavarao, 
& Namboodiri, 2007).
In adults, acute stress decreases GMV (Chen et al., 2012; Kuhn et al., 2015; 
Papagni et al., 2011). In adolescents, the effects of recent stress on GMV are less 
clear. While animal models report GMV decreases in the frontal cortex and hip-
pocampus (Romeo, 2017), the handful of existing human studies point to GMV 
increases in these same regions in children and adolescents suffering from PTSD 
(Carrion et al., 2009; Tupler & De Bellis, 2006). GMV increases have also been 
reported in the anterior cingulate cortex, parahippocampal gyrus, and temporal 
cortex following recent or perceived stress in adolescents and young adults (Li et 
al., 2014; Walsh et al., 2014); as well as inferior temporal gyrus increases related 
to social rejection sensitivity in the latter group (Sun et al., 2014). Here we add to 
those findings by showing that, in adolescents, negative peer environment leads 
to both increased hippocampal GMV as well as a lack of GMV reduction in anterior 
cingulate cortex and prefrontal cortex. These observations suggest that stress 
during adolescence delays or disrupts the physiological reduction of GMV previ-
ously reported in cortical structures (Giedd et al., 2006; Sowell, Trauner, Gamst, 
& Jernigan, 2002).
This study suggests that the effects of current social stress on cingulate 
development might already influence the emergence of adolescents’ antisocial 
traits. This observation confirms, on a longitudinal scale, previous cross-sectional 
studies in children and adolescents reporting an increase in prefrontal GMV in 
relation to conduct problems and callous unemotional traits (De Brito et al., 2009; 
Fairchild et al., 2013). A meta-analysis in adults similarly identified increased cin-
gulate gyrus volume as a neural correlate of antisocial behavior (Aoki, Inokuchi, 
Nakao, & Yamasue, 2014). The anterior cingulate gyrus is involved in the control of 
cognitive and emotional behavior and through its links to the amygdala, involved 
in affective processing and empathy (Bush, Luu, & Posner, 2000; Etkin, Egner, & 
Kalisch, 2011). The delayed or disrupted structural maturation of this region may 
partially explain the deficiencies in social behavior, especially empathy, observed 
in those participants with callous unemotional traits. This in turn may be related to 
the risk of developing psychopathy later in life (Blair, Peschardt, Budhani, Mitchell, 
& Pine, 2006; Frick & White, 2008).
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This study benefits from the strengths of a longitudinal design allowing for 
reliable and accurate tests of developmental changes. Our findings indicate that 
experiencing mildly stressful events early in life can already change neural matu-
ration in puberty. In turn, these findings may help to characterize the developmen-
tal processes evoked by traumatic experiences and related emotional problems. 
However, there are some limitations that should be considered. It might be argued 
that the reliability of those inferences is limited by the moderate sample size of this 
study (n = 37). However, that limitation on sensitivity should be weighed against 
the specificity afforded by the accurate characterization of the developmental pro-
file of each participant from birth until 17 years, including neuro-developmental 
trajectories during puberty.
The findings of this study relate increased GMV reductions to the expo-
sure of early-life stress. This is in contrast to a few adolescent cross-sectional or 
between-group studies reporting amygdalar or hippocampal GMV increases or 
null effects (De Bellis et al., 2001; Mehta et al., 2009; Tottenham et al., 2010; Tupler 
& De Bellis, 2006). Inconsistencies in the field may be related to stressor-type or 
measurement period (Teicher et al., 2016). For example, it has been suggested 
that early enlargement of the amygdala may occur in response to adversity, later 
followed by premature volume reduction (Tottenham & Sheridan, 2010). We also 
did not find associations between early-life induced GMV changes and internalizing 
symptoms while other studies have related structural changes in the prefrontal 
cortex, ACC and amygdala to internalizing problems (Burghy et al., 2012; Fareri 
& Tottenham, 2016; Herringa et al., 2013). This may be related to the fact that in 
this study, we assess developmental trajectories in contrast to generally reported 
end-point group difference measures. Finally, since increased hippocampal volume 
related to negative peer environment was particularly affected by measurement 
on different scanners in our sample, it needs to be replicated in future longitudinal 
studies and treated tentatively. The longitudinal design of this study, coupled with 
its focus on healthy children, distinguishes genuine developmental effects from 
incidental cohort differences. Future follow-up studies might be able to address 
why some adolescents develop stress susceptibility while others become stress 
resilient (Hostinar & Gunnar, 2013).
Conclusions
These findings suggest that brain maturation between mid and late adolescence 
is particularly sensitive to adverse personal events early in life and to adverse 
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social events during adolescence. Increased grey matter reduction in the prefron-
tal cortex and several subcortical regions was associated with negative personal 
early -life events. This observation is consistent with the idea that early-life stress 
accelerates pubertal development. In contrast, brain maturation was disrupted by 
the effect of concurrent adolescent social stress. This suggests that both early as well 
as later stressors can bias neurodevelopmental trajectories, which in turn may affect 
mental health outcomes. Having defined the relative contribution of time-delineated 
stressors on the maturation of neural circuits during adolescence, this study opens 
the way to understanding stress susceptibility and resilience later in adulthood.
Materials and Methods
Participants
All actively participating children from the Nijmegen Longitudinal Study on Child 
and Infant Development (n = 116) were approached to take part in this imaging 
study. Anatomical scans were obtained from participants at 14 (M = 14.6, SD = 0.17) 
and 17 years of age (M = 17.09, SD = .15). Forty-nine at the first imaging time-point 
and ninety-six at the second imaging time-point agreed to participate. Participants 
who could not undergo magnetic resonance imaging (MRI) or who had missing data 
at one of the two time-points were excluded from these analyses. The final sample 
consisted of 37 adolescents (15 boys). Participants did not have a history of psy-
chiatric disorders or neurological illness (as indicated by parent/guardian report). 
TABLE 3 presents the characteristics of the sample. Written informed consent was 
obtained from parents and participants during each measurement wave. The study 
was approved by the local ethics committee (CMO region Arnhem – Nijmegen) and 
was conducted in compliance with these guidelines.
Life Events
The experience of early-life events (before age 5) and current life events (between 
age 14 and 17) were assessed via parent report. All life event reports were col-
lected within one to two years after the event had taken place. This meant that 
for early-life events, reports were taken at 15 months, 28 months, and 5 years. 
For current adolescent life events, the report was taken at age 17 for reports until 
age 14. The life events questionnaire consisted of items selected from Sarason, 
Johnson, and Siegel’s Life Experiences Survey (Sarason, Johnson, & Siegel, 1978) 
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and Coddington’s Life Events Scale for Children (Coddington, 1972) based on 
the likelihood they would have an aversive influence on the child’s development 
(Gersten, Langner, Eisenberg, & Simcha-Fagan, 1977). Both measures have been 
widely used in international research (Abela, 2001; Johnston, 1996). The life 
events questionnaire remained the same at all measurement times and has pre-
viously been used in this longitudinal study (Niermann et al., 2015; Smeekens, 
Riksen-Walraven, & van Bakel, 2007). Items require a ‘yes’ or ‘no’ response. The 
score represents the total number of negative personal life events in the given as-
sessment period and was calculated for events that took place until early childhood 
(until age 5) and during late adolescence (i.e., between ages 14 and 17).
Social Environment
We used age-relevant measures of the individual’s social environment (SE). 
The quality of parent-child interactions was used as an index of early SE. Poor 
parent-child interaction quality has previously been shown to be related to ele-
vated childhood cortisol levels in the NLS cohort (Smeekens, Riksen-Walraven, 
& van Bakel, 2007a). Parent-child interactions were assessed at 15 months, 28 
months, and 5 years of age during a home visit (Smeekens et al., 2007a; Smeekens, 
Riksen-Walraven, & van Bakel, 2007b). Video recordings of these interactions 
were rated by four trained observers on five 7-point scales: Supportive Presence, 
Respect for Child’s Autonomy, Structure and Limit Setting, Quality Instruction, and 
Hostility. An average score for SE before age 5 was taken across all scales (with 
reversed coding for hostility scores) and time-points for each child (Erickson, 
Sroufe, & Egeland, 1985). In case of a missing assessment (n = 2 cases) the average 
was computed based on the two remaining time points.
Peer environment (social preference) between age 14 and 17 was assessed 
in the classroom with a well-established sociometric measure previously used in 
this cohort (Pouwels, Lansu, & Cillessen, 2016; Pouwels et al., 2017). Children were 
asked to nominate classmates who they liked (“Who do you like the most?”) and 
disliked (“Who do you like the least?”). Students were asked to nominate at least 
one classmate, excluding self-nominations. There was no maximum number of 
nominations. For each question, the number of nominations that a child received 
was counted and standardized within the classroom, to control for differences in 
classroom size. A score for social preference was calculated by subtracting the 




SES scores were computed based on education (7-point scale) and occupation 
(6-point scale) levels for both parents in line with previous reports on this cohort 
(Smeekens et al., 2007b). The levels of education and occupation for the two parents 
were first standardized and then summed to create a single score per parent. The 
final SES score was derived by taking the average score of the mother and father.
Behavioral Measures of Psychopathology
Internalizing symptoms at age 17 were measured using the Child Behaviour 
Checklist (CBCL; Achenbach, 1991). The CBCL is a parent-report questionnaire 
used to assess the frequency of emotional and behavioral problems exhibited by 
the adolescent in the past six months. The parent rated each behavior or symptom 
on a three-point Likert scale (not true, somewhat or sometimes true, very true or 
often true). Items from the scales anxious/depressive, withdrawn/depressive, and 
somatic complaints were summed to provide a score for internalizing symptoms.
Specific aspects of socialization during adolescence was measured with 
the Callous Unemotional Traits Scale (Frick, 2003). Self-report and parent-report 
versions of the questionnaire were used to assess the occurrence and intensity of 
affective features of callousness such as lack of empathy, disregard for others, and 
shallow affect. It consisted of 24 items scored on a four-point Likert scale (not at all 
true, somewhat true, very true, definitely true). The self-report and parent-report 
versions were significantly correlated with each other (r = .42, p = .013). A mean 
score was created from both versions to increase consistency of the measure. For 
two participants with missing data (1 self-report, 1 parent-report) the available 
score was used for further analysis.
The statistical threshold for correlations of GMV with psychopathology 
measures were set to p < .025 (multiple correction for number of regions tested 
for each measure).
Imaging Parameters
Structural T1 images were acquired at 3 Tesla using Siemens MAGNETOM Trio 
or PRISMA systems (acquired at the same site; 18 participants at age 17) with 
a 32-channel coil. Images were acquired using the same MPRAGE sequence 
(TR = 2300 ms; TE = 3.03 ms; 192 sagittal slices; 1.0 × 1.0 × 1.0 mm voxels; 
FOV = 256 mm). To ensure that there were no differences in the quality of T1 
images acquired on the TRIO and PRISMA scanners at age 17, these normalized 
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and smoothed GM images were checked using the “Check sample homogeneity” 
function in CAT12 (Computation Anatomy Toolbox). One participant was identified 
as a potential outlier for manual inspection. After manually checking the data for 
artefacts, it was included in the analyses.
Voxel Based Morphometry
Magnetic resonance images were processed using the Matlab toolbox SPM12 
[Statistical Parametric Mapping (www.fil.ion.ucl.uk/spm)]. Each MR image was 
checked for artifacts or anatomical abnormalities and alignment to the anterior 
commissure. Using a pairwise longitudinal registration approach (Ashburner & 
Ridgway, 2013) a Jacobian difference map was generated as well as a “halfway 
space” image, which was subsequently segmented into white matter, grey matter 
(GM), and cerebrospinal fluid (CSF). Diffeomorphic anatomical registration through 
exponentiated lie algebra (DARTEL) was used for inter-subject registration of the 
GM “halfway” images to a group average template image (Ashburner, 2007). The GM 
“halfway” image was multiplied by the Jacobian difference map for each participant. 
This subsequent GM difference map was transformed and resampled at an isotro-
pic voxel size of 1.5 mm, resulting in spatially normalized, Jacobian scaled, and 
smoothed (8 mm FWHM Gausian kernel) images in Montreal Neurological Institute 
(MNI) space. Data quality of normalized and smoothed difference images was 
checked with CAT12 using the “Check sample homogeneity” function. This function 
did not indicate any potential outliers - based on a mean correlation of the sample 
below 2 standard deviations. The GM images were entered into a multiple regres-
sion analysis with standardized scores of life events and social environment as 
early (0-5 years) and current (14-17 years) stressors entered as covariates. Gender 
and average (age 14 and 17) grey and white matter total brain volume (TBV) were 
entered as covariates of no interest. To minimize boundary effects, a binary mask of 
the group template was used to exclude voxels outside of the brain. Statistical signif-
icance was assessed using non-parametric permutation tests using the Threshold 
Free Cluster Enhancement (TFCE) Toolbox in SPM12 (Version 90; http://dbm.neuro.
uni-jena.de/tfce/) with 5000 permutations. After TFCE, the statistical threshold 
was set to p < .05 adjusted for family wise error at a whole brain level. TFCE sup-
presses random noise that may have a similar intensity as the real signal, but lacks 
spatial continuity (smoothness). The TFCE values at each voxel represent a combi-
nation of spatially distributed cluster size and height information. In other words, 
the TFCE statistic summarizes the cluster-wise evidence at each voxel. There is no 
initial threshold for voxel level inference. Statistical inference is based on the distri-
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bution of TFCE values - derived from the non-parametric permutations. This type of 
approach is particularly beneficial for VBM data (Li, Nickerson, Nichols, & Gao, 2017; 
Smith & Nichols, 2009). Anatomical inference was drawn by superimposing images 
on a standard SPM single-subject T1 template, the group-specific average template 
(created in DARTEL), and subject-specific T1 scans standardized in MNI space.
Behavioral Relevance of Longitudinal GMV Changes
To relate the longitudinal GMV changes observed in adolescents to psychopathology, 
that is callous unemotional traits and internalizing symptoms, GMV changes were 
extracted from the relevant significant clusters. To achieve anatomical specificity, 
an overlap was taken between the significant cluster and the brain area, based on 
the Automated Anatomical Labeling (AAL) Atlas (Tzourio-Mazoyer et al., 2002). As 
such, the grey matter estimates reflected only the significant changes in an ana-
tomically defined area. To test the association between adolescent-social-stress- 
related volumetric changes and CU traits, we identified regions significantly mod-
ulated by adolescent social stress that have previously been also identified as part 
of the callous unemotional neuro-profile in adolescent samples (De Brito et al., 
2009; Fairchild et al., 2013; Sebastian et al., 2016), namely the anterior cingulate 
cortex (only the right hemisphere in our study) and bilateral orbital frontal cortex. 
Parameter estimates of grey matter volume changes of these two regions were 
entered into SPSS and JASP for correlational analysis.
To test the association between early-life stress-induced volumetric changes 
and internalizing symptomology, we identified regions modulated by negative 
personal early-life events that have previously been suggested as developmental 
targets for internalizing disorders, namely the amygdala-prefrontal circuit and 
anterior cingulate cortex (Burghy et al., 2012; Fareri & Tottenham, 2016; Herringa 
et al., 2013). GMV changes were extracted from these relevant clusters and ana-
lyzed for associations with internalizing symptoms, following the same procedure 
described for CU traits.
Finally, two post hoc analyses were conducted to rule out the effects of 
additional stressors. The first model included standardized SES scores as an ad-
ditional regressor in the previously described multiple regression analysis. The 
second model explored the interaction between early and current stressors. The 
standardized interaction scores of personal early-life events and adolescent peer 
environment (the two significant predictors of GMV changes) were entered into 
the original multiple regression analysis. For both analyses, all other parameters 
were kept the same as in the original model.
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TABLE 3. Sample characteristics
Age (years) Mean (SD) Min / Max
Pubertal Development

















Bayley cognitive development 1.25 108.73 (14.498) 71/ 137
Peabody verbal ability 5 111.43 (16.227) 82 / 136
Academic performance TR 16 4.82 (1.36)^ 1 / 7
Learning progress TR 16 4.37 (1.19)^^ 2 / 7
Adequate school behavior TR 16 4.84 (1.22)^^^ 2 / 6
SES during childhood
Education mother 1.25 5.24 (1.66) 2 / 7
Education father 1.25 5.27 (1.68) 2 / 7
Work mother 1.25 3.24 (2.06) 0 / 6
Work father 1.25 3.81 (1.49) 0 / 6
Measures of Interest
Personal Early-life events 0-5 1.43 (1.19) 0 / 4
Parent-child interaction scores 0-5 -0.06 (3.05) -7.86 / 4.61
Personal current life events 14-17 1 (1.05) 0 / 4
Peer ratings 16 0.15 (0.76) -2.18 / 1.33
Internalizing symptoms [CBCL] 17 raw scores: 5.51 (5.71);
T scores: 50 (9.94)
0 / 28;
33 / 75
Callous Unemotional Traits [ICU] 17 21.46 (4.94) 12 / 33
PDS, Pubertal Development Scale; SES, social economic status; TR, teacher report, based on a 7-point 
scale (S1 in Supplementary Information provides details on Cognitive Functioning measures); CBCL, 
Child Behaviour Checklist; ICU, Inventory of Callous Unemotional Traits. ^n = 34; ^^n = 30; ^^^n = 32
Note: There were no significant correlations (p < .05) of SES with any early-life or current stressors, 
pubertal development (testosterone values at age 14 and 17), nor symptomatology (internalizing 
symptoms, ICU). The restricted range of SES scores in this sample is fairly representative of the Dutch 
population of families with children in the same age range (for more information on the wider NLS 
sample and SES see Smeekens et al., 2007b). Concerning associations between cognitive functioning 
and stress, childhood IQ scores (Peabody) at age 5 were not significantly correlated with early-life 
stressors assessed up until this age (amount of negative personal events [r = -.01, p = .953]; parent-child 
interaction quality [r = .165, p = .33]). The three indices of cognitive functioning during adolescence 
were also not correlated with either early or later stressors (p > .05). The amount of early-life events 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TABLE S3. Decreases a in grey matter volume between age 14 and 17
Anatomical Region Side BA k x y z pFWE TFCE
Superior frontal gyrus L 9 135 -3 48 38 .038 1283
Superior temporal pole L 38 377 -46 24 -14 .031 1375
Orbital frontal gyrus L 38/47 -36 18 -16 .046 1192
Inferior temporal gyrus L 20 2142 -63 -32 -20 .010 1904
Middle temporal gyrus L 20 -51 -10 -15 .026 1447
L 20 -51 2 -30 .028 1417
Middle temporal gyrus L 21 140 -63 -54 15 .041 1251
L 37 -60 -62 16 .045 1215
L 37 -58 -66 8 .046 1203
BA, Brodmann Area; k, number of voxels in a cluster; pFWE, combined peak-cluster level value; TFCE, 
threshold free cluster enhancement statistic; R, right; L, left.
Note: Table presents clusters’ local maxima more than 8 mm apart.
a Controlled for early and current personal life events, parent-child interactions, peer environment, 
and gender.
TABLE S4. Increases a in grey matter volume between age 14 and 17
Anatomical Region Side BA k x y z pFWE TFCE
Medulla L/R 200 0 -40 -56 .016 1664
Medulla R 171 8 -34 -38 .024 1508
Cerebellum R 2 -40 -38 .033 1369
Pons R 240 8 -15 -20 .020 1585
R 32 15 -10 -33 .047 1236
R 4 9 -14 -30 .040 1304
BA, Brodmann Area; k, number of voxels in a cluster; pFWE, combined peak-cluster level value; TFCE, 
threshold free cluster enhancement statistic; R, right; L, left.
Note: Table presents clusters’ local maxima more than 8 mm apart.
a Controlled for early and current life events, early social environment, and gender.
S1.
The Dutch version of the Bayley (Bayley, 1969) Mental Scale of Infant Development 
(van der Meulen & Smrkovsky, 1983) was used to assess the child’s level of cogni-
tive functioning at 15 months. Scores are expressed in the standardized Mental 
Developmental Index (MDI; M = 100; SD = 15). The Peabody Picture Vocabulary Test 
- Revised (Dunn & Dunn, 1981) was used to measure verbal intelligence at age 5. 
Like other standard IQ tests, scores are on a scale with a mean of 100 and a standard 
deviation of 15. Cognitive functioning indices at age 16 were taken from the Teacher 
Report Form (Achenbach & Rescorla, 2001; Dutch version; Verhulst, Frank, van der 
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Ende, & Koolhans, 2001). Answers were scored on a 7-point Likert scale (1 – far below 
the average, 7 – far above the average). Academic performance is based on the ques-
tion, “How does he/she perform compared to the rest of the class?”. Learning prog-
ress is based on the question, “How does he/she progress with learning?”. Adequate 
school behavior is based on the question, “How adequately does he/she behave?”
S2.
To ensure that the observed effects of early life stress were not related to baseline 
differences in GMV, we separately tested whether personal early-life events and 
parent-child interactions were related to GMV intra-subject differences at age 14. 
Each MR image was checked for artifacts or anatomical abnormalities and align-
ment to the anterior commissure. The anatomical images were segmented into 
grey matter, white matter, and CSF in SPM12. DARTEL (Ashburner, 2007) was used 
for inter- subject registration of the grey matter images to a group template. The 
registered images were smoothed (8mm FWHM Gaussian kernel, Jacobian scaled, 
threshold at 0.2) and transformed into MNI space. The GM images were entered 
into a multiple regression analysis with standardized scores of personal early-life 
events and social environment (parent-child interactions) as covariates. Gender 
and total brain volume (TBV) were entered as covariates of no interest. To minimize 
boundary effects, a binary mask of the group template was used to exclude voxels 
outside of the brain. Following previous analyses in the manuscript, TFCE was used 
to assess statistical significance, with the threshold set to p < .05, family-wise error 
corrected at the whole-brain level. We did not find any significant effects in GMV 
differences for personal early-life events nor for parent-child interaction scores.
S3. 
An additional multiple regression analysis was conducted to check for scanner 
effects. Scanner type (TRIO vs PRISMA) was entered as a condition-specific factor 
for personal early-life events and social preference. The remainder of the model 
remained the same (parent-child interactions, personal current life events, gender, 
and average total brain volume entered as covariates). The effects of personal ear-
ly-life events remained the same as described in the manuscript. Social preference 
results remained similar, but with reduced cluster size. As a result, the right anterior 
cingulate cortex cluster was present at a subthreshold level (pFWE = .057). The left 
hippocampus cluster was no longer present after scanner correction. This finding 
should therefore be treated tentatively and needs to be replicated in future studies.


Chapter 5 | The relation between infant 
freezing and the development of internalizing 
symptoms in adolescence: A prospective 
longitudinal study
Niermann, H.C.M., Tyborowska, A., Cilessen, A.H.N., van Donkelaar, M.M., 
Lammertink, F., Gunnar, M.R., Franke, B., Figner, B., & Roelofs, K. (2018). 
The relation between infant freezing and the development of internalizing 
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Given the long-lasting detrimental effects of internalizing 
symptoms, there is great need for detecting early risk-markers. 
One promising marker is freezing behavior. Whereas initial 
freezing reactions are essential for coping with threat, pro-
longed freezing has been associated with internalizing psycho-
pathology. However, it remains unknown whether early-life al-
terations in freezing reactions predict changes in internalizing 
symptoms during adolescent development. In a longitudinal 
study (N = 116), we tested prospectively whether observed 
freezing in infancy predicted the development of internaliz-
ing symptoms from childhood through late adolescence 
(until age 17). Both longer and absent infant freezing behavior 
during a standard challenge (robot-confrontation task) were 
associated with internalizing symptoms in adolescence. Spe-
cifically, absent infant freezing predicted a relative increase 
in internalizing symptoms consistently across development, 
from relatively low symptom levels in childhood to relatively 
high levels in late adolescence. Longer infant freezing also pre-
dicted a relative increase in internalizing symptoms, but only 
up until early adolescence. This latter effect was moderated by 
peer stress and was followed by a later decrease in internaliz-
ing symptoms. The findings suggest that early deviations in 
defensive freezing responses signal risk for internalizing 
symptoms and may constitute important markers in future 




Freezing, characterized by bodily immobility and decreased heart rate, is one of the 
most common defensive reactions to threatening situations, widely observed across 
species. This parasympathetically-driven temporary break on the motor system is 
known to promote selection of adequate coping reactions by facilitating percep-
tion, risk assessment, and action preparation (Blanchard, 2017; Kozlowska et al., 
2015; Roelofs, 2017). Alterations in this basic defensive stress reaction have been 
linked to long-lasting internalizing symptoms (i.e., signs of anxiety and depression) 
in animals (Kalin & Shelton, 2003; Qi et al., 2010). Recent cross-sectional studies 
have confirmed the association between prolonged freezing and internalizing 
symptoms in humans (Kozlowska et al., 2015; Niermann et al., 2017). Although ob-
jective early life risk markers are needed, the predictive value of early alterations 
in freezing for the later development of internalizing symptoms is not known. 
Therefore, this study examined prospectively whether and how alterations in 
infant freezing predict the development of internalizing symptoms from child-
hood into late adolescence.
The tendency to reduce activity when exposed to threat has been observed 
frequently in infants (Buss, Davidson, Kalin, & Goldsmith, 2004). Given the relative 
helplessness of infants, this reduced activity may represent an important coping 
response even to mildly threatening situations. This response of the autonomic 
nervous system is generated by midbrain serotonin-mediated projections, specifi-
cally amygdala-periaqueductal grey projections to the medulla and spinal cord 
(Roelofs, 2017). Whereas immediate freezing in threatening situations is consid-
ered adaptive, prolonged freezing can be a sign of reduced flexibility to respond to 
environmental changes and has been suggested to prevent adequate stress coping 
(Buss & Larson, 2000; Hagenaars, Oitzl, & Roelofs, 2014). Indeed, animal work has 
shown that freezing is related to more complex approach-avoidance decisions 
and has been associated with subsequent decisions towards avoidance (Campese, 
McCue, Lázaro-Muñoz, LeDoux, & Cain, 2013). This is relevant as avoidance is 
the main maintaining and perhaps even causal factor of internalizing symptoms 
(Craske, 2003). Recent human work mainly in adults also has shown that prolonged 
freezing — or poor recovery from an initial freezing response — predicts subse-
quent instrumental avoidance responses (Ly, Huys, Stins, Roelofs, & Cools, 2014; Ly 
et al., 2016) and is associated with increased internalizing symptoms (Kozlowska 
et al., 2015; Niermann et al., 2017). Therefore, we hypothesized that freezing is 
adaptive, but that alterations in this defensive response early in life — in the form 
of longer freezing — will predict increasing levels of internalizing symptoms in 
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childhood to late adolescence. Given emerging evidence for a proposed nonlin-
ear association between freezing and psychopathology (Fragkaki, Roelofs, Stins, 
Jongedijk, & Hagenaars, 2017), we also explored potential detrimental outcomes 
associated with reduced freezing behavior: Absence of or reduced freezing—in a 
context where freezing is a typical response in most individuals—may also reflect 
maladaptive stress coping, which in turn could be related to internalizing symp-
toms as well (Adenauer, Catani, Keil, Aichinger, & Neuner, 2010; Fragkaki et al., 
2017; Stoffels, Nijs, Spinhoven, Mesbah, & Hagenaars, 2017).
The freezing response shows high heritability and stability in animals and 
humans (Niermann, Figner, Tyborowska, Cillessen, & Roelofs, 2018), but is also 
sensitive to stress (Rogers, Shelton, Shelledy, Garcia, & Kalin, 2008). Accordingly, 
human diathesis stress models propose that individuals’ vulnerability in the form 
of altered freezing leads to internalizing symptoms, particularly when vulnerable 
individuals are exposed to stressful life circumstances (Zuckerman, 1999). Poor 
quality of relationships with parents and peers highly impact the developing in-
dividual (Sebastian et al., 2010). Therefore, our second hypothesis was that these 
social stress factors would further strengthen the association between altered 
infant freezing and the development of internalizing symptoms.
Finally, in line with the role of serotonin in freezing, genetic variation in 
the gene encoding the serotonin transporter (SLC6A4) has been associated with 
altered freezing and increased vulnerability to develop internalizing symp-
toms in animals (Bethea et al., 2004; Homberg, 2012). In humans, variations in 
SLC6A4/5-HTT/SERT have been linked to depression, especially in conjunc-
tion with stress (Bleys, Luyten, Soenens, & Claes, 2018). We therefore explored 
whether individuals carrying depression-risk alleles of the functional variant in 
SLC6A4/5-HTT/SERT (called 5-HTTLPR) display alterations in freezing responses 
as infants.
We tested our hypotheses prospectively in a longitudinal study (e.g., 
Niermann et al., 2015; van Bakel & Riksen-Walraven, 2002) that allowed us to 
relate systematic observations of freezing in 15-month-old infants to internalizing 




Participants were part of the Nijmegen Longitudinal Study (NLS), which started in 
1998 with a community-based sample of 129 infants at 15 months of age (48% 
females, Mage = 14.88 months, SD = 0.25, rangeage: 14.37-15.42) recruited via health 
care centers in Nijmegen (Netherlands). The children and their families were fol-
lowed every two to three years (TABLE 1) and were representative of the Dutch 
population (for recruitment and family characteristics, see van Bakel & Riksen-
Walraven (2002). Participants were excluded from analyses (n = 13) if there was no 
videotape material (i.e., infant was not confronted with the situation used to assess 
infant freezing behavior), if infant freezing could not be reliably assessed (e.g., due 
to poor video quality, over-involvement of primary caregiver, infant tiredness), 
and/or if self- and parent-reported internalizing data were lacking. Some parti-
cipants had no self-reported (n = 4) or parent-reported (n = 1) internaliz ing data, 
resulting in sample sizes of 112 participants (46% females) for the self-reported 
internalizing analyses and 115 participants (46% females) for the parent-reported 
internalizing analyses. Genetic data on 5-HTTLPR, a functional polymorphism in 
the regulatory region of SLC6A4, was available for 95 of the 116 participants in-
cluded in current analyses. Here, we also included information on a functional single 
nucleotide polymorphism (SNP) in 5-HTTLPR, rs25531, resulting in the genotype -
-groups: (i) L’-homozygotes (LA/LA): n = 27; (ii) L’/S’-heterozygotes (LA/S, LA/LG): 
n = 47; (iii) S’-homozygotes (LG/LG, S/LG, S/S): n = 21 (procedures of collection and 
isolation of genetic material, as well as of genotyping are described in Appendix 
S1 in Supplemental Material [SM]). For information on socioeconomic status and 
attrition analyses, see Appendix S2 in SM. Prior to participation, parents gave 
informed consent, later accompanied by children’s informed assent. Participants 
received either a small gift or were financially reimbursed for participation. The 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Freezing behavior at 15 months was assessed from videotapes recorded during a 
robot-confrontation paradigm, which was adapted from Mullen, Snidman, & Kagan 
(1993) and has been previously described for the NLS by van Bakel & Riksen-
Walraven (2004). During this 3-minute paradigm, participants were confronted 
with a colorful, mechanical robot (Appendix S3 in SM). Freezing was defined as a 
marked decrease in activity lasting for ≥ 3 seconds with little or no bodily move-
ment (Buss et al., 2004) combined with no vocalization (Kalin & Shelton, 1989). A 
trained coder watched all videos and coded the duration of each freezing episode 
using a stopwatch. Reliability was determined based on having 22% of the video-
tapes coded by a second trained coder, resulting in a moderate-to-good intra-class 
correlation of .76, 95% CI [.66, .83].
Total scores were created by summing the duration of an infant’s freez-
ing episodes. To control for slight variations in time of exposure to the robot, 
proportion scores were computed by dividing the total duration of freezing by 
the total duration that the infant experienced the situation (M = 0.11, SD = 0.10, 
range: 0.00-0.41; see Appendix S3 in SM for more descriptive information on infant 
freezing). Infant freezing showed only weak to moderate associations with other 
temperamental fearfulness measures, suggesting that freezing can be considered 
a partially separate construct (see Appendix S3 and TABLE S1 in SM).7
Self-reported internalizing symptoms
Because self-reflection on internalizing symptoms may change with development, 
age-appropriate measures of anxiety and depression were selected to reliably 
assess internalizing symptoms at ages 9, 12, 14, and 17 (TABLE 1; see Appendix S5 in 
SM for justification, validity, and reliability of the measures). To arrive at one score 
for internalizing symptoms per age and to deal with missing values at the item 
and scale levels, we computed compound scores as follows: First, we calculated 
7 We also assessed freezing in a stranger situation (van Bakel & Riksen-Walraven, 2004). However, 
because only 34 of the 116 infants showed freezing episodes (one or more) in this situation, these 
data showed an uneven distribution, decreasing the likelihood of being able to link freezing to 
internalizing symptoms (see for results Appendix S4; TABLE S2 and S3 in SM). Buss (2011) found 
that a robot confrontation elicited more fearful behavior compared to a stranger confrontation. 
This appears to be consistent with our observation of more freezing behavior in the robot con-
dition than the stranger confrontation, suggesting that a robot might trigger stronger responses 
than a stranger in these experimental situations. Nevertheless, the freezing response coded for 
the stranger and robot conditions were correlated with each other (r = .21, p = .003, 95% CI [.08, 
.33]; we used the rank based correlation coefficient Kendall’s tau because of the constrained [i.e., 
between 0 and 1] distribution of infant freezing).
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an average score separately for anxiety and depression per age. If a participant 
missed single items on a particular questionnaire (n = 12), we computed the av-
erage raw score from the non-missing items for this specific participant. Next, we 
standardized for all participants these average scores of anxiety and depression 
per age and averaged the anxiety and depression scores to combine them into one 
single score of internalizing symptoms per age (Cherlin, Chase-Lansdale, & McRae, 
1998; Haselager, Cillessen, Van Lieshout, Riksen-Walraven, & Hartup, 2002). If a 
participant missed a full questionnaire at a certain age (n = 25)8, the internalizing 
score for that specific participant at that specific age was based on the non-missing 
questionnaire. Higher scores indicated more self-reported internalizing symptoms. 
Some participants missed internalizing symptom scores at some of the four assess-
ment points: 23% missed one, 13% missed two, and 4% missed three. The final 
self-reported internalizing scores were positively pairwise correlated across age 
(rs between .33-.57, all ps <. 01), except between ages 9 and 14 (r = .22, p = .061, 
95% CI [-.01, .43]), and between 9 and 17 (r = .14, p = .224, 95% CI [-.08, .34]).
Parent-reported internalizing symptoms
For parent-reported internalizing symptoms we used the internalizing subscale of 
the Child Behavior Checklist (CBCL; Achenbach, 1991) at ages 5, 9, 12, 14, and 17, 
using age-appropriate versions (TABLE 1; Appendix S6 in SM). To account for differ-
ent numbers of items in each version, we calculated an average overall score per 
age. Higher scores reflected more parent-reported internalizing symptoms. Similar 
to self-report procedures, we determined an adjusted average score for partici-
pants who missed single items per age (n = 5). Contrary to self-report procedures, 
standardization per age was not required, as the same questionnaire (CBCL) with 
the same answer scale (0-2) was used across all ages.9 Parent-reported internaliz-
ing symptoms were positively pairwise correlated across age (rs between .33-.64, 
all ps <. 01), except between ages 5 and 14 (r = .14, p = .213, 95% CI [-.08, .35]), and 
between 5 and 17 (r = .20, p = .052, 95% CI [-.002, .38]). Some participants missed 
the internalizing symptoms at some of the five assessment points: 23% missed one, 
11% missed two, 5% missed three, and 3% missed four. Parent- and self-reported 
internalizing symptoms were correlated with each other at ages 9 (r = .31, p = .005, 
8 The results remained the same, when these participants (n = 25) who missed a full questionnaire 
at a certain age were removed from our analyses.
9 Standardization of parent-reported internalizing symptoms per age resulted in similar results 
compared to unstandardized parent-reported internalizing symptoms. As expected, the main 
effect of linear age, χ2(1) = 0.05, p > .250, 95% CI [-0.02, 0.02], was no longer significant because 
of the standardization.
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95% CI [.10, .49]), 14 (r = .37, p = .001, 95% CI [.17, .55]), and 17 (r = .34, p = .001, 
95% CI [.15, .51]), but not at age 12 (r = .00, p > .250, 95% CI [-.20, .19]).
Parental stress
Structured parent-child interactions were assessed for the quality of parental 
behavior to indicate parental stress at 15-months, 2.5, 5, 7, and 12 years of age 
(Niermann et al., 2015). Trained observers rated the age-appropriate parent-child 
interactions on five seven-point scales (Erickson et al., 1985): (1) supportive 
presence/provision of emotional support, (2) respect for the child’s autonomy/
non-intrusiveness, (3) effective structure/limit-setting, (4) quality of instructions, 
(5) hostility. We reversed the hostility scores, standardized each scale per age, 
and summed these scales to obtain one score of parental stress per age. Higher 
scores indicated lower parental stress. As these total scores were positively cor-
related between ages (rs between .39-.63, p < .001), they were averaged to one 
overall score of parental stress. Missing data (14% missed one, 5% missed two, 3% 
missed three, 1% missed four measurement points) were handled by computing 
an average score from the non-missing observations.
Peer stress
Social preference by peers was assessed at ages 9, 12, 13, and 16 to indicate peer 
stress (van den Berg, Burk, & Cillessen, 2015). Using a well-established sociometric 
approach, participants and their classmates were asked to nominate classmates 
(excluding self-nominations) whom they liked most and whom they liked least. For 
each question, the number of nominations received was counted and standardized 
within classrooms. A score for social preference was computed per age as the 
difference between the standardized most-liked and least-liked scores, and again 
standardized within classrooms. As these scores were positively correlated across 
age (rs between .26-.63, p <. 05), an average overall score of peer preference across 
age was calculated, with lower scores indicating being more disliked, so higher 
levels of peer stress. Good reliability and high stability of peer preference scores 
have been established previously (Jiang & Cillessen, 2005). Missing values (25% 
missed one, 14% missed two, 4% missed three measurement points) were handled 
in a similar way as parental stress. Two participants were excluded from the social 
environment analyses for parent-reported and one for self-reported internalizing 
symptoms because they missed all peer preference scores.
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Statistical Analyses
All analyses were conducted in R (version 3.3.2; R Core Team, 2016). To investi-
gate the effect of infant freezing on changes in internalizing symptoms, we used a 
linear mixed-effect model approach (lmer function; lme4 package; Bates, Maechler, 
Bolker, & Walker, 2015). We conducted two linear mixed-effect models, including 
either self- or parent-reported internalizing symptoms as the dependent variable, 
and infant freezing as the independent variable. Each model also examined the 
polynomial (linear and quadratic) effects of age as a main effect and in inter-
action with infant freezing on internalizing symptoms. An advantage of linear 
mixed-effects models is that they can use all available data of the dependent vari-
able of internalizing symptoms, even when some observations for some partici-
pants are missing. For detailed information on statistical analyses, see Appendix 
S7 in SM. To examine whether the experience of parental and/or peer stress moder-
ated the association between infant freezing and relative changes in internalizing 
symptoms, we included parental and peer stress in the models each as main effect, 
as well as in two-way and three-way interactions with infant freezing and the linear 
and quadratic effects of age. Finally, we explored the role of 5-HTTLPR/rs25531 
genotype in infant freezing. We used ranked-based regressions from the Rfit pack-
age (Kloke & Mckean, 2012) to deal with the constrained distribution (between 0-1) 
of infant freezing.
Results
The mixed-effect model for self-reported internalizing symptoms resulted in 
interactions between linear age × infant freezing, χ2(1) = 7.41, p = .007, 95% CI 
[-0.04, -0.01] and quadratic age × infant freezing, χ2(1) = 8.38, p = .007, 95% CI [-0.04, 
-0.01]. These interaction effects suggest that individuals’ levels of infant freezing 
positively predicted increases in internalizing symptoms relative to others10 in 
the sample during early adolescence (FIGURE 1). However, during late adolescence, 
higher infant freezing predicted relatively decreasing levels of internalizing symp-
toms. More specifically, individuals showing longer infant freezing behavior (1 SD 
above mean) showed more internalizing symptoms relative to others at age 12, 
but showed relatively fewer internalizing symptoms afterwards (FIGURE 1C). In 
contrast, individuals who showed no11 infant freezing (1 SD below mean) displayed 
10 We used standardized scores for self-reported internalizing symptoms. Therefore, the effects 
reflect relative changes in internalizing symptoms (Cherlin et al., 1998; Haselager et al., 2002).
11 Individuals scoring 1 SD below mean, represent all individuals who showed no infant freezing.
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relatively fewer internalizing symptoms across adolescence before age 17. At age 
17, they tended to report more symptoms than their peers (FIGURE 1A). Individuals 
with medium infant freezing (M = 0) showed no changes in their internalizing 
symptoms across age (FIGURE 1B; see TABLE S4 in SM for results of the full model).
All reported effects remained when controlling for gender and exter-
nalizing symptoms (Appendix S9, S10; TABLE S4, S6 in SM), and when predicting 
self-reported depressive and anxiety symptoms separately, except for the qua-
dratic age × infant freezing interaction for self-reported anxiety symptoms. The 
absence of this latter effect likely results from the fact that the anxiety measure-
ment at age 12 was missing (Appendix S11; TABLE S7, S8; FIGURE S2 in SM).
Infant Freezing and Social Environment
To test whether social environment moderated the effects of freezing on 
self-reported internalizing symptoms, we added parental and peer stress to the 
model. The results showed similar interactions for linear and quadratic age × infant 
freezing, χ2(1) = 9.12, p = .006, 95% CI [-0.04, -0.01] and χ2(1) = 10.11, p = .002, 95% 
CI [-0.04, -0.01], respectively, replicating the effects just reported. Most critically, 
we observed a three-way interaction for peer preference × quadratic age × infant 
freezing, χ2(1) = 5.78, p = .020, 95% CI [0.003, 0.03]. This three-way interaction 
was interpreted based on FIGURE 1, illustrating model-based predictions. It sug-
gests that only those youths who exhibited longer infant freezing behavior (1 SD 
above mean) and were disliked by their peers (1 SD below mean) displayed rela-
tively higher internalizing symptoms at ages 12 and 14 (FIGURE 1C). In contrast, the 
above-reported relative increase in internalizing symptoms across adolescence 
in individuals with no infant freezing behavior (1 SD below mean) occurred irre-
spective of being liked or disliked by their peers (FIGURE 1A). Similarly, the absence 
of differences in internalizing symptoms across age in individuals with medium 
infant freezing (M = 0) remained, irrespective of being liked or disliked by their 
peers (FIGURE 1B). We observed no moderating effect for parental stress (parental 
stress × quadratic age × infant freezing), χ2(1) = 1.69, p = .213, 95% CI [-0.01, 0.03]. 
For results of the full model, see TABLE S4 in SM. As before, all reported effects 
remained when controlling for externalizing symptoms (Appendix S10; TABLE S6 
in SM) and when predicting self-reported depressive and anxiety symptoms sep-
arately (Appendix S11; TABLE S7, S8 in SM).
Infant freezing did not predict changes in parent-reported interna lizing 
symptoms and was not moderated by parental or peer stress (Appendix S8; 
TABLE S5 in SM).
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FIGURE 1. Model-based changes in self-reported internalizing symptoms at ages 9, 12, 14, and 17 as 
a function of infant freezing and peer preference (no freezing/low preference [1 SD below mean]; 
medium freezing/medium preference [M = 0]; longer freezing/high preference [1 SD above mean]). 
Whereas absent infant freezing was predictive of a continuous increase from relatively low to rela-
tively high internalizing symptoms up until late adolescence (Panel A), longer freezing was only related 
to relative increases in internalizing symptoms during early adolescence as a function of low peer 
preference, a pattern which decreased with age (Panel C). Medium infant freezing was not predictive 
of alterations in internalizing symptoms (Panel B). Standardized scores were used for self-reported 
internalizing symptoms.
Serotonin Transporter Gene Polymorphism
We explored the role of genetic variation in serotonin signaling in deviant 
freezing, as seen in animals (Homberg, 2012). First, we explored whether 
5-HTTLPR/rs25531 genotype (S’-homozygotes vs. L’-carriers [L’/L’ and L’/S’ com-
bined]) could predict infant freezing in a linear fashion, which was not the case 
(estimate = 0.00, t = -0.04, p > .250). Then, we tested for an association with 
deviant freezing in both (extremely low and high) directions. We used 
centered freezing scores to compute participants’ absolute score as the 
degree to which they deviated from the mean. Therefore, a higher score 
(more deviant freezing) reflected either absent or excessively long freez-
ing. This model confirmed that S’-homozygotes showed more deviant freez-
ing behavior when compared to L’-carriers (estimate = -0.01, t = -2.55, 
p = .012; FIGURE S3 in SM). This result remained when controlling for gender 
(5-HTTLPR/rs25531: estimate = -0.01, t = -2.47, p = .015; gender: esti-
mate = 0.00, t = -0.42, p > .250). However, we observed no main effect of 
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5-HTTLPR/rs25531, when 5-HTTLPR/rs25531 was coded as a predictor with 
three levels (S’/S’, L’/L’, L’/S’-carriers; F(2, 92) = 2.11, p = .127). Finally, we checked 
whether genotype (S’-homozygotes vs L’-carriers) moderated the association 
between deviant freezing and participants’ peak in self-reported internalizing 
symptoms. This was not the case. Nonetheless, the effect of deviant freezing on 
internalizing symptoms remained (Appendix S12 in SM).
Discussion
The aim of this study was to investigate whether early signs of alterations in 
freezing behavior predict changes in the relative development of internalizing 
symptoms. The results suggest that deviations in infant freezing—both longer 
and absent freezing—were associated with relative increases in self-reported in-
ternalizing symptoms at different ages during adolescence. Specifically, absent 
infant freezing predicted a relative increase in internalizing symptoms consis-
tently across development, from relatively low symptom levels in childhood to 
relatively high levels in late adolescence. Longer infant freezing also predicted 
a relative increase in internalizing symptoms but only until early adolescence; 
this pattern was moderated by peer stress and was followed by a decrease after-
wards. In light of the stability and conceptualization of freezing as a trait (Buss 
et al., 2004; Rogers et al., 2008; but see Niermann, Figner, Tyborowska, Cillessen, 
& Roelofs, 2018) as well as in light of the current observation of deviant freezing 
in S’-homozygotes of 5-HTTPLR/rs25531, our findings suggest that deviant infant 
freezing—both longer and absent freezing—may signal risk for the development 
of internalizing symptoms.
Previous work indicated that freezing in low-risk contexts predicts height-
ened stress responding, which is a potential risk for internalizing symptoms (Buss 
& McDoniel, 2016). We extended these findings in three ways. Our results sug-
gest that (1) threat-related freezing is also informative of developing internalizing 
symptoms, (2) not only increased but also absent freezing predicts internalizing 
symptoms, and (3) different types of deviant (longer versus absent) freezing pre-
dict different time-varying patterns of internalizing symptoms across age.
Our finding of increasing internalizing symptoms across development for 
individuals showing no infant freezing may at first seem surprising. It is, how-
ever, consistent with the notion that freezing is an adaptive response, facilitating 
perception, decision-making, and action preparation in threatening situations 
(Blanchard, 2017; Kozlowska et al., 2015; Roelofs, 2017). It is also in line with 
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neurochemical theories suggesting that a decrease in inhibition in an aversive con-
text may be a mechanism contributing to the development of affective disorders 
(Dayan & Huys, 2009). This phenomenon of aversive disinhibition and excessive 
forms of inhibition, likewise, have been associated with altered serotonin signaling 
(due to depletion or genetic predisposition; Dayan & Huys, 2009). In line with this 
work, our explorative analysis suggests that S’-homozygotes of 5-HTTLPR/rs25531 
show more deviant freezing than L’-carriers. This finding suggests a similar ge-
netic basis of alterations in human freezing as previously reported for animals 
(Bethea et al., 2004; Homberg, 2012). However, 5-HTTLPR/rs25531 polymorphism 
did not moderate the association between freezing and internalizing symptoms in 
this study, suggesting that freezing—although related to 5-HTTLPR/rs25531—is 
independently associated with internalizing symptoms. This is in line with the 
observation of inconsistent meta-analytic findings of 5-HTTLPR on internalizing 
symptoms (Bleys et al., 2018; Culverhouse et al., 2017).
Our finding of increasing internalizing symptoms in individuals with higher 
infant freezing is consistent with previous notions that reduced ability to recover 
from an initial freezing response is a potential signal of maladaptive stress coping. 
It may reduce an individual’s flexibility to adequately respond to environmental 
changes during threat (Buss & Larson, 2000; Hagenaars et al., 2014; Niermann et 
al., 2017). Additionally, it is consistent with findings linking prolonged freezing to 
increased internalizing symptoms (Kozlowska et al., 2015; Niermann et al., 2017).
Consistent with diathesis stress models (e.g., Zuckerman, 1999), only indi-
viduals showing both longer infant freezing and high peer stress demonstrated a 
relative increase in self-reported internalizing symptoms, and did so only during 
early adolescence. Indeed, poor peer relationships have been related to internal-
izing disorders, whereas high quality of peer relationships may act as a buffer 
preventing the negative consequences of longer infant freezing (Deater-Deckard, 
2001). Surprisingly, the association between longer infant freezing and relative in-
creases in internalizing symptoms was only present during early adolescence, and 
reversed afterwards. The latter observation contrasts with findings of increased 
risk for internalizing disorders in cross-sectional studies at various ages in inhibited 
children (for a meta-analysis, see Clauss & Blackford, 2012). It is difficult however, 
to compare these cross-sectional findings directly with our longitudinal intraper-
sonal changes. Future studies testing these associations in an independent longitu-
dinal sample are needed, which should also assess developmental changes in sen-
sitivity to peer stimuli that may have affected our findings (Sebastian et al., 2010).
The quality of peer relationships moderated the association with interna-
lizing symptoms only in individuals with longer but not with absent infant freezing. 
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This effect could not be attributed to differences in quality of peer relationships 
(Appendix S13 in SM). It is possible that individuals showing no freezing-like be-
havior (and hence took less time to carefully assess their environment) were also 
less sensitive to the influence of peer stimuli. The fact that our moderation effect 
was only present for peer but not parental stress, is possibly due to adolescents’ in-
creased orientation towards their peers and less towards their parents (Sebastian 
et al., 2010).
Freezing has been described as a crucial component of behavioral inhibi-
tion, a trait describing stable individual differences in reactivity and regulation 
of fear that has been associated with risk for anxiety and depression (Clauss & 
Blackford, 2012; Fox, Henderson, Marshall, Nichols, & Ghera, 2005). The differen-
tial effects for reduced versus increased freezing in terms of temporal dynamics 
of internalizing symptom development suggest that it may be worth exploring 
freezing separately from other signs of behavioral inhibition. Notably, whereas 
behavioral inhibition typically consists of behaviors that can be related to both 
sympathetic and parasympathetic physiological stress responses (Fox et al., 
2005), assessing freezing separately allows for a specific investigation of the 
parasympathetic state—a critical component in action selection and flexible stress 
coping (Kozlowska et al., 2015; Roelofs, 2017).
Interpretational Issues
To assess internalizing symptoms across development, we selected and standard-
ized age-appropriate self-report questionnaires of anxiety and depression. The use 
of age-appropriate measures may have confounded the observed differences due 
to a change in measurement tool and should therefore be replicated in an inde-
pendent sample. The alternative option, however—selecting the same self-report 
questionnaire for assessments from age 9 to late adolescence—would have had the 
disadvantage of not using age-optimized measures. Therefore, by selecting psy-
chometrically sound, and age-appropriate measures (recommended by Cillessen 
& Lansu, 2015; see also Appendix S5 in SM for the justification, validity, and reli-
ability of the measures), we feel we have optimized the validity and reliability of 
our measurements.
We did not observe any associations between individuals’ infant freezing 
and parent-reported internalizing symptoms. However, adolescents are known to 
experience more internalizing symptoms than is typically recognized by parents, 
suggesting that they are the most reliable informants of their own emotions and 
thoughts (Sourander, Helstelä, & Helenius, 1999).
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The increased internalizing symptoms observed in this study concern 
relative changes that did not exceed clinical cut-off scores (Appendix S11 in SM). 
However, even moderately increased levels of internalizing symptoms during 
adole scence have been linked to risk for later psychopathology (Reinherz, Paradis, 
Giaconia, Stashwick, & Fitzmaurice, 2003). This suggests that the atypical freezing 
pattern observed in our study—reflecting either absent or increased freezing—
may mark an individual’s vulnerability to develop internalizing symptoms at some 
stage of their development. Using high-risk samples, future stress vulnerability 
and resilience studies should determine whether this is indeed the case.
During adolescence, a general increase in internalizing symptoms, particu-
larly for girls, has been well-documented (Bongers, Koot, van der Ende, & Verhulst, 
2003). We also observed this increase in parent- and self-reported measures, sug-
gesting that our sample was normative (Appendix S9; FIGURE S1 in SM).
Conclusions
This prospective longitudinal study suggests that the absence of infant freez-
ing behavior predicts a consistent pattern of relative increases of internalizing 
symptoms across adolescence, from relatively low symptom levels in childhood 
to relatively high levels in late adolescence. In contrast, longer infant freezing 
predicted relative increases of internalizing symptoms during early adolescence 
followed by a decrease during late adolescence. This effect was moderated by peer 
stress. These findings suggest that alterations in infant freezing—both longer 
and absent freezing—may mark individuals’ vulnerability for the development of 




Appendix S1 – 5-HTTLPR Genotyping
Genetic analyses were carried out at the Department of Human Genetics of the 
Radboud University Medical Center (Nijmegen, Netherlands). Saliva samples were 
collected using Oragene kits (DNA Genotek, Canada; 99.7% gentoypic concordance 
with blood; Rylander-Rudqvist, Håkansson, Tybring, & Wolk, 2006), and genomic 
DNA was extracted as specified by the manufacturer.
The promoter region of the serotonin transporter gene (SLC6A4) contains 
a variable number of tandem repeats polymorphism (VNTR), 5-HTTLPR, with 
two frequent alleles (short [S] and long [L] alleles), and a single nucleotide poly-
morphism (SNP; rs25531) resulting in an A/G substitution in the 5-HTTLPR. In 
combination with the VNTR, only the long/A allele (LA) is associated with higher 
expression of the gene, whereas the long/G allele (LG) is comparable to the S-allele, 
with lower levels of mRNA (Hu et al., 2006). rs25531 was genotyped using Taqman 
(Applied Biosystems). The 5-HTTLPR VNTR was genotyped using standard PCR 
protocols. After the PCR, fragment length analysis was performed on the ABI Prism 
3730 Genetic Analyser (Applied Biosystems, Nieuwekerk a/d Ijssel, Netherlands), 
and results were analyzed with GeneMapper® Software, version 4.0 (Applied 
Biosystems). We classified participants based on expression level: high (LA/LA; 
n = 27), intermediate (LA/S, LA/LG; n = 47), and low (LG/LG, S/LG, S/S; n = 21). No de-
viations from Hardy-Weinberg Equilibrium were found for the 5-HTTLPR genotype 
at p < .05. Additionally, there was no significant difference in genotype frequencies 
between gender (Estimate = 0.41(0.24), z = 1.71, p = .088).
Appendix S2 – Socioeconomic Status (SES) and Attrition Analysis
SES was determined for the 15-months assessment wave based on the level of 
education (along a 7-point scale) and level of occupation (along a 7-point scale) for 
both parents. To derive a single SES score per participant, we first standardized 
the levels of education and occupation separately per parent, summed those scores 
for each parent, and calculated an average score across parents. For single parents 
(n = 6), the level of education and occupation of the primary caregiver was used 
(see also Smeekens, Riksen-Walraven, & van Bakel, 2007b). SES of the participants 
included in current analyses varied between -3.12 and 2.63 (M = -0.004, SD = 1.65).
Participants missing all self-reports of internalizing data (n = 9) did 
not differ in their freezing response (Yt = 1.18, 95% CI [-0.03, 0.11]) nor in their 
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SES score (Yt = 2.67, 95% CI [-0.21, 4.56]) from participants included in the 
self-reported internalizing analyses.
Appendix S3 – Infant Freezing to Robot
During the robot-confrontation, the primary caregiver was present throughout the 
procedure, but instructed to remain uninvolved unless the infant became upset and 
needed assistance. The experimenter controlled the robot remotely by turning its 
lights and sounds on and off, and moving it forwards and backwards. The distance 
between the robot and the infant varied depending on the infant’s interaction with 
the robot. The robot situation lasted on average 3 min (M = 186.97 sec; SD = 52.76).
The observed intra-class correlation for infant freezing based on 22% of 
the videotapes was .76, 95% CI [.66, .83] (as reported in the main text), which was 
similar to previous freezing observation reliability measures (Buss et al., 2004). 
Of our analysis sample, 98 of the infants showed at least one freezing episode (≥3 
seconds; a freezing episode lasted on average 6.64 sec; SD = 4.09; range: 3-24 sec). 
In total, these 98 infants showed 355 freezing episodes (M = 3.06, SD = 2.36, range: 
0-10), of which 11% were followed by approach, 18% by avoidance, and 8% by dis-
tress behavior, whereas the remaining 63% showed no clear pattern of behavior 
after freezing.
To verify whether freezing can be considered a partially separate construct 
that at the same time is associated with other closely related concepts, we cor-
related freezing in response to the robot confrontation with other temperamental 
fearfulness assessments taken during the same robot confrontation (i.e., refer-
encing to primary caregiver, physical contact with primary caregiver, physical 
contact with robot, laughing at primary caregiver, laughing at robot, and crying; 
as determined previously by van Bakel & Riksen-Walraven (2004)). Infant freezing 
was positively associated with physical contact with primary caregiver, and nega-
tively associated with physical contact with robot, laughing at primary caregiver, 
and laughing at robot. It was not associated with referencing to primary caregiver 
and crying. Additionally, infants’ level of behavioral inhibition was positively cor-
related with infants’ level of freezing. Behavioral inhibition was taken as a single 
summary score of (i) latency to the infant’s first vocalization, (ii) latency to touch 
the toy, and (iii) duration of proximity to primary caregiver determined in both 
the robot and stranger conditions (Fox, Henderson, Rubin, Calkins, & Schmidt, 
2001). However, infants’ freezing was not associated with social fearfulness, as-
sessed via parent-reported Toddler Behavior Assessment Questionnaire at 15-
months of age (TBAQ; Goldsmith & Rothbart, 1991). For statistical details of these 
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correlational results, see TABLE S1. These correlational analyses suggest that freez-
ing is correlated with other temperamental fearfulness measures, but at the same 
time these relatively low correlations (i.e., Kendall’s tau correlation coefficient) 
suggest that freezing can be considered a partially separate construct.
TABLE S1. Correlational results (with 95% confidence intervals in parentheses) of infant freezing 
behavior to robot confrontation with other temperamental fearfulness assessments.
Infant freezing
Physical contact with primary caregiver .17 [.03, .31] *
Physical contact with robot -.24 [-.38, -.10] **
Laughing at primary caregiver -.17 [-.27, -.06] *
Laughing at robot -.19 [-.33, -.06] **
Referencing to primary caregiver -.10 [-.23, .05]
Crying -.09 [-.23, .05]
Behavioral inhibition .16 [.04, .28] **
Social fearfulness -.04 [-.16, .06]
Notes: * p < .05, ** p < .01, We used the rank based correlation coefficient Kendall’s tau because of 
the constrained (i.e., between 0 and 1) distribution of infant freezing, but also of the temperamental 
fearfulness assessments (i.e., rated as either 1 [= not at all present], 2 [= sometimes present], or 3 
[= often present]) taken during this robot confrontation, determined previously by van Bakel and 
Riksen-Walraven (2004).
Appendix S4 – Infant Freezing to Stranger
We also assessed infant freezing during a stranger situation. During this situation, 
a woman unfamiliar to the infant entered the room with a toy ladybug containing 
colorful blocks and sat quietly for approximately 1 min. The woman then started 
to play with the ladybird and the blocks and invited the infant to play with them 
as well (~ 2 min; van Bakel & Riksen-Walraven, 2004). Similar to infant freezing 
in the robot context, a trained coder scored all the videos. Reliability was deter-
mined using 22% of the videotapes that were joint-coded with another trained 
coder, resulting in an intra-class correlation of .96, 95% CI [.93, .98]. Proportion 
scores were computed to control for different lengths in each stranger situation 
(M = 182.58 sec, SD = 35.02). Only 34 of the 116 infants showed freezing episodes 
(one or more) in this situation (M = 0.01, SD = 0.03, range: 0.00-0.19).
Infant freezing in response to the stranger context did not predict rela-
tive changes in self- and parent-reported internalizing symptoms (self-reported 
internalizing symptoms: linear age × infant freezing: χ2(1) = 0.03, p > .250, 95% 
CI [-0.02, 0.02]; quadratic age × infant freezing: χ2(1) = 0.83, p > .250, 95% CI 
-0.02, 0.01]; parent-reported internalizing symptoms: linear age × infant freezing: 
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χ2(1) = 0.17, p > .250, 95% CI [-0.003, 0.004]; quadratic age × infant freezing: 
χ2(1) = 0.28, p > .250, 95% CI [-0.002, 0.003]).12 However, we observed a linear 
age effect for parent-reported internalizing symptoms, χ2(1) = 6.92, p = .010, 
95% CI [0.001, 0.01], suggesting that participants showed an overall increase in 
parent-reported internalizing symptoms during development. Similar non-sig-
nificant results were observed when gender was included as a main effect as well 
as in interaction with infant freezing and the linear and quadratic effects of age 
(self-reported internalizing symptoms: linear age × infant freezing: χ2(1) = 0.44, p 
> .250, 95% CI [-0.03, 0.01]; quadratic age × infant freezing: χ2(1) = 0.10, p > .250, 
95% CI [-0.02, 0.02]; parent-reported internalizing symptoms: linear age × infant 
freezing: χ2(1) = 0.34, p > .250, 95% CI [-0.01, 0.003]; quadratic age × infant freez-
ing: χ2(1) = 0.00, p > .250, 95% CI [-0.003, 0.003]). However, we could replicate the 
previously observed linear age × gender interaction (self-reported internalizing 
symptoms: χ2(1) = 11.14, p = .002, 95% CI [0.01, 0.05]; parent-reported internaliz-
ing symptoms: χ2(1) = 5.96, p = .022, 95% CI [0.001, 0.01]). When including parental 
and peer stress as main effects as well as in interaction with infant freezing and 
the linear and quadratic effects of age, similar non-significant associations were 
observed. See for results of the full models TABLE S2 and S3.
12 As only 34 of our participants showed infant freezing in response to the stranger context, we 
repeated the analyses but this time including infant freezing to the stranger as a categorical 
variable (freezing vs. no freezing). These models also suggest that the effect of infant freezing 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix S5 – Self-Reported Internalizing Measures
Participants rated their own internalizing behavior using different anxiety and 
depression questionnaires at ages 9, 12, 14, and 17. These questionnaires reflect 
reliable, valid, and age-appropriate instruments to measure anxiety and de-
pression. At age 9, we used the Short Depression Inventory for Children (SDIC; 
de Wit, 1987) and a shortened version of the Revised Children’s Manifest Anxiety 
Scale (RCMAS; consisting of 6 items; Reynolds & Richmond, 1978, 1985). The 
SDIC and RCMAS have good psychometric properties (Meijer, Mellenbergh, & de 
Wit, 1986; Reynolds & Richmond, 1978) and have been used previously in 9-year-
olds to assess depression and anxiety respectively (Boer, Smit, Morren, Roorda, 
& Yzermans, 2009; Dadds, Spence, Holland, Barrett, & Laurens, 1997; Jansen, 
van de Looij-Jansen, de Wilde, & Brug, 2008; Kendall, 1994; Silverman et al., 1999; 
van de Looij-Jansen, Jansen, de Wilde, Donker, & Verhulst, 2011). At age 12, only a 
depression questionnaire was administered. We used the Children’s Depression 
Inventory (CDI; Kovacs, 1981; translated by Timbremont & Braet, 2002), which is 
a widely used and one of the most scrutinized measures for self-reported depres-
sion in adolescence (Saylor, Finch, Spirito, & Bennett, 1984; Smucker, Craighead, 
Craighead, & Green, 1986). At age 14, we used the CDI and the Social Anxiety Scale 
for Adolescence (SAS; La Greca, 1999). The SAS has shown to be a psychometrically 
sound instrument to measure social anxiety in adolescence (Inderbitzen-Nolan & 
Walters, 2000; La Greca & Lopez, 1998). At age 17, we used the SAS and the anxi-
ety, depression, and somatic complaints subscales of the Symptom Checklist-90-R 
(SCL-90-R; Arrindell & Ettema, 1975, 1986, 2005). These subscales of the SCL-90-R 
have been used previously to measure internalizing symptoms in adolescence (Ge, 
Conger, & Elder, 2001; Kim, Conger, Elder, & Lorenz, 2003). See TABLE 1 in the main 
text for descriptive information of these anxiety and depression questionnaires. 
Anxiety and depression scores were positively correlated with each other at each 
age time point (rs between .41-.78, all ps < .001).
Appendix S6 – Parent-Reported Internalizing Measures
We used age-appropriate versions of the CBCL, namely the CBCL for 4-18-year-
olds at age 5, the CBCL for 6-18-year-olds at ages 9, 12, and 14, and the CBCL for 
4-18-year-olds at age 17. At age 17, 8 of our participants received the CBCL for 
6-18-year-olds. There is only a small difference between these two versions of the 
CBCL regarding the assessment of internalizing symptomatology (26 items are the 
same, whereas 5 items are different in the CBCL for 4-18-year-olds and 6 items in 
the CBCL for 6-18-year-olds). In general, the CBCL has been shown to have good 
reliability and validity (Achenbach, 1991).
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Appendix S7 – Linear Mixed-Effect Models - Statistical Information
Based on participants’ birthdate and their date of participation, participants’ 
actual age was calculated for each measurement wave (see TABLE 1 in the main 
text for descriptive information regarding participants’ age). In case the date of 
participation was missing for a participant, the mean age of the remaining par-
ticipants was used as an estimate (n = 35). We determined the polynomial (linear 
and quadratic; using the poly function in stats package; R Core Team, 2016) effects 
of age. To increase likelihood of convergence of the linear mixed-effect models, 
we multiplied the linear and quadratic age effects by 100. The repeated-measure 
nature of the internalizing data was taken into account by including a per-partic-
ipant random intercept and by modeling the linear as well as the quadratic effect 
of age not only as fixed effects but also as random slopes varying across partici-
pants (all possible random correlation terms were also included). This represents 
a “maximal” random effects structure as recommended by Barr, Levy, Scheepers, 
& Tily (2013) to avoid inflated Type-1 errors. P-values were determined using 
bootstrapped likelihood ratio tests (requested samples: 1000), using the func-
tion mixed of the package afex (Singmann, Bolker, & Westfall, 2015). Confidence 
intervals (CI) were determined using profile-based CI using the function profile 
and confint of the package lme4 (version 1.1.10; Bates, Maechler, Bolker, & Walker, 
2015). To check whether missingness occurred completely at random in our two 
dependent variables, we used Little’s MCAR test. Little’s MCAR test suggested 
that our data were missing completely at random (self-reported internalizing: 
χ2(25) = 36.11, p = .070; parent-reported internalizing: χ2(58) = 65.99, p = .220). 
Finally, we investigated whether our longitudinal data did not violate the assump-
tion of independent residuals, as assumed by the function lmer (lme4 package; 
version 1.1.10; Bates, Maechler, Bolker, & Walker, 2015). We visually inspected 
the residuals of each model and conducted Durban Watson tests to formally test 
whether there was any evidence for an autocorrelative structure in our residu-
als. All Durban Watson test statistics ranged between > 2 and < 3, suggesting no 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix S8 – Parent-Reported Internalizing Symptoms
Infant freezing did not predict relative changes in parent-reported internalizing 
symptoms (linear age × infant freezing: χ2(1) = 0.58, p > .250, 95% CI [-0.005, 
0.002]; quadratic age × infant freezing: χ2(1) = 0.09, p > .250, 95% CI [-0.002, 
0.003]). We observed only a main effect of linear age, χ2(1) = 4.95, p = .026, 95% CI 
[0.0005, 0.01], indicating an overall increase in internalizing symptoms across de-
velopment. Similar results were observed when gender was included (see Appendix 
S8 and TABLE S5). To investigate whether social environment moderated the associ-
ation between infant freezing and relative changes in internalizing symptoms, we 
added parental and peer stress. As before, we observed only a main effect of linear 
age, χ2(1) = 5.12, p = .028, 95% CI [0.001, 0.01], but no moderation by parental or 
peer stress. For results of the full models, see TABLE S5.
Appendix S9 – Gender
Self-reported internalizing symptoms
Because internalizing symptoms can vary by gender (Bongers et al., 2003), we 
examined whether the pattern of effects of infant freezing in the robot con-
text on relative changes in self-reported internalizing symptoms was shared 
across gender. Therefore, we ran our main model predicting relative changes in 
self-reported internalizing symptoms from infant freezing again. However, this 
time we included gender (male/female; sum-to-zero contrast) as a main effect as 
well as in interaction with infant freezing and the linear and quadratic effects 
of age. The observed interaction effects of infant freezing on relative changes in 
internalizing symptoms remained when gender was included as a main and 
interaction effect (linear age × infant freezing: χ2(1) = 7.10, p = .009, 95% CI 
[-0.04, -0.01]; quadratic age × infant freezing: χ2(1) = 9.19, p = .002, 95% CI 
[-0.04, -0.01]). This suggested that the pattern of observed effects for infant freez-
ing on the relative changes in self-reported internalizing symptoms was shared 
across gender. We also observed a linear age × gender interaction, χ2(1) = 8.12, 
p = .002, 95% CI [0.01, 0.04]: female relative to male participants showed increased 
levels of self-reported internalizing symptoms during adolescence (FIGURE S1; see 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Similar non-significant associations between infant freezing and the relative 
changes in the development of parent-reported internalizing symptoms (linear 
age × infant freezing: χ2(1) = 0.33, p > .250, 95% CI [-0.004, 0.002]; quadratic age × 
infant freezing: χ2(1) = 0.19, p > .250, 95% CI [-0.002, 0.003]) were observed when 
gender was included as a main effect and in interaction with infant freezing and 
the linear and quadratic effects of age. Similar to the model without gender, we 
observed a main effect of linear age, χ2(1) = 5.79, p = .019, 95% CI [0.001, 0.01], but 
this time also an interaction effect of linear age × gender, χ2(1) = 5.58, p = .029, 
95% CI [0.001, 0.01]. Similar as observed for self-reported internalizing symptoms, 
female compared to male participants showed an increase in parent-reported in-
ternalizing symptoms during development (FIGURE S1; see TABLE S5 for results of 
the full model).
FIGURE S1. Panel A: Female relative to male participants showed an increase in self-reported inter-
nalizing symptoms from late childhood to late adolescence (age 9-17). Standardized scores were 
used for self-reported internalizing symptoms. Panel B: Similar as for self-reported internalizing 
symptoms, female participants showed an increase in parent-reported internalizing symptoms from 
mid childhood to late adolescence (age 5-17), while male participants showed an initial increase from 
age 5 to 9, followed by decrease in parent-reported internalizing symptoms from age 9 to 17. These 
panels show raw data of self- and parent-reported internalizing symptoms. Error bars represent 95% 
confidence intervals.
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Appendix S10 – Externalizing Symptoms
Because internalizing symptoms can occur in comorbidity with externalizing 
symptoms (i.e., stress-related and externally directed symptoms, including ag-
gression and other forms of disruptive behavior; Levy, Hawes, & Johns, 2014), we 
investigated whether externalizing symptoms could explain the observed asso-
ciation between infant freezing to robot and relative changes in self-reported in-
ternalizing symptoms by controlling for parent-reported externalizing symptoms 
as a time-invariant variable. Externalizing symptoms were added only as a main 
effect. Externalizing symptoms were assessed with the externalizing subscale of 
the parent-report Child Behavior Checklist (CBCL; Achenbach & Rescorla, 2001; 
Achenbach, 1992; Achenbach, 1991; α ranging from .87 to .89). Different versions 
of the CBCL were used (see Appendix S6). The mean scores of externalizing symp-
toms were positively correlated (rs ranging from .40 to .65, ps < .01) at ages 9, 12, 
14, and 17. To determine a time-invariant score of externalizing symptoms across 
those ages, we standardized the mean scores of externalizing symptoms per age 
and averaged those across age. Missing data (24% missed one; 12% missed two; 
3% missed three; 2% missed four measurement points) were handled by com-
puting an adjusted score for participants with missing data such that only the 
non-missing observations were used to compute the average score.
To investigate potential externalizing effects, we added externalizing 
symptoms as a main effect to the described models in the main text. The observed 
effects of infant freezing on relative changes in self-reported internalizing symp-
toms as well as the observed moderation effect of peer stress were independent 
from the experience of externalizing symptoms (see TABLE S6 for results of these 
models).
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TABLE S6. Test statistics predicting self-reported internalizing symptoms from linear (L) effect of age, 
quadratic (Q) effect of age, infant freezing to robot, and their interactions (Model 1). Model 2 adds 
parental (Parent) and peer stress (Peer) as main and interaction effects. Please note that parent-
reported externalizing symptoms is added as a time-invariant main effect to both models.
Model 1: Infant freezing Model 2: Social stress
Effect χ2
(df = 1)
p 95% CI χ2
(df = 1)
p 95% CI
L age 0.06 > .250 -0.01, 0.02 0.12 > .250 -0.01, 0.02
Q age 0.22 > .250 -0.02, 0.01 0.40 > .250 -0.02, 0.01
Freezing 0.12 > .250 -0.10, 0.15 0.44 > .250 -0.09, 0.18
Externalizing 4.55 .037* 0.01, 0.26 1.30 > .250 -0.06, 0.22
L age × Freezing 10.36 .003** -0.04, -0.01 10.05 .002** -0.04, -0.01
Q age × Freezing 6.65 .008** -0.03, -0.005 8.65 .007** -0.04, -0.01
Parent 1.23 > .250 -0.22, 0.06
Peer 0.77 > .250 -0.19, 0.07
L age × Parent 1.78 .208 -0.01, 0.03
L age × Peer 0.17 > .250 -0.02, 0.01
Q age × Parent 0.00 > .250 -0.02, 0.02
Q age × Peer 0.00 > .250 -0.01, 0.01
Freezing × Parent 0.00 > .250 -0.15, 0.15
Freezing × Peer 0.36 > .250 -0.17, 0.09
L age × Freezing × Parent 0.10 > .250 -0.02, 0.02
L age × Freezing × Peer 1.02 > .250 -0.02, 0.01
Q age × Freezing × Parent 0.51 > .250 -0.01, 0.02
Q age × Freezing × Peer 5.59 .026* 0.003, 0.03
Appendix S11 – Self-Reported Anxiety and Depression
Infant freezing
To explore whether the observed effects of infant freezing to the robot context 
on relative changes in self-reported internalizing symptoms were similar for 
self-reported depressive and anxiety symptoms, we repeated the linear 
mixed-effect model as reported in the main text, but this time predicting 
self-reported depressive and anxiety symptoms separately. Similar as observed 
for self-reported internalizing symptoms combined, we observed a linear age 
× infant freezing, χ2(1) = 4.64, p = .031, 95% CI [-0.04, -0.002], and a quadratic 
age × infant freezing interaction, χ2(1) = 8.33, p = .007, 95% CI [-0.04, -0.01], for 
self-reported depressive symptoms. This suggests that individuals who showed 
longer infant freezing behavior showed relatively higher levels of self-reported 
depressive symptoms at age 12, while after that time levels of depressive symp-
toms relatively decreased for these individuals (FIGURE S2C). At age 12, 6% of these 
individuals scored above a clinical cutoff score (Kovacs, 1981; Timbremont & Braet, 
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2002) on the CDI (compared to 4% of individuals with medium levels of infant 
freezing; no individuals with absent infant freezing scored above the clinical cutoff 
score). In contrast, individuals who showed no infant freezing displayed relatively 
higher levels of self-reported depressive symptoms at age 17 (FIGURE S2A; see 
TABLE S7). At age 17, 23% of these individuals scored in the very high range on the 
depression subscale of the SCL-90-R (Arrindell & Ettema, 2003; compared to 14% 
of individuals with medium levels of infant freezing; no individuals with longer 
infant freezing scored above the clinical cut-off score).
For self-reported anxiety symptoms, we only observed a linear age × infant 
freezing, χ2(1) = 6.08, p = .017, 95% CI [-0.04, -0.005], but not a quadratic age 
× infant freezing interaction, χ2(1) = 1.05, p > .250, 95% CI [-0.01, 0.02]: Infant 
freezing negatively predicted relative changes in self-reported anxiety symptoms 
(FIGURE S2D, TABLE S8). At age 17, 8% of individuals showing no infant freezing behav-
ior scored in the very high range on the anxiety subscale of the SCL-90-R (Arrindell 
& Ettema, 2003; compared to 8% of individuals with longer levels of infant freez-
ing and 10% of individuals with medium levels of infant freezing). Additionally, 
20% of individuals with no freezing behavior scored above a clinical cut-off score 
on the SAS (La Greca & Lopez, 1998; compared to 13% individuals with longer 
infant freezing and 16% of individuals with medium levels of infant freezing).
The absence of a quadratic age × infant freezing interaction for 
self-reported anxiety symptoms might result from the missing anxiety measure-
ment at age 12. To further explore whether the observed effects of infant freezing 
on self-reported depressive or anxiety symptoms were similar, we repeated the 
current linear mixed-effect model for depressive symptoms, but this time excluded 
depressive symptoms at age 12. Similar as for the model predicting anxiety symp-
toms (see TABLE S8), we were not able to include the random effect of the linear and 
quadratic slope of age simultaneously. Nevertheless, we observed similar results 
predicting self-reported depressive symptoms once with the linear slope of age 
(linear age × infant freezing: χ2(1) = 2.82, p = .126, 95% CI [-0.03, 0.003]; quadratic 
age × infant freezing: χ2(1) = 1.21, p > .250, 95% CI [-0.02, 0.01]) and once with the 
quadratic slope of age as random effect (linear age × infant freezing: χ2(1) = 3.15, 
p = .084, 95% CI [-0.03, 0.002]; quadratic age × infant freezing: χ2(1) = 1.28, p > .250, 
95% CI [-0.03, 0.01]). These results suggest that the previously observed quadratic 
age v infant freezing interaction for self-reported depressive symptoms was driven 
by depressive symptoms at age 12. Similar as for self-reported anxiety symptoms, 
we observed a trend for a linear age × infant freezing interaction, suggesting that 
infant freezing negatively predicted changes in self-reported depressive symptoms.
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Infant freezing and social environment
To explore whether the observed three-way-interaction between peer social pref-
erence × quadratic age × infant freezing on relative changes in self-reported in-
ternalizing symptoms was similar for self-reported depressive and anxiety symp-
toms, we repeated the linear mixed-effect model as described in the main text, but 
this time predicting self-reported depressive and anxiety symptoms separately. 
Similar as observed for self-reported internalizing symptoms, we observed a linear 
age × infant freezing, χ2(1) = 3.90, p = .062, 95% CI [-0.04, -0.0001], a quadratic age 
× infant freezing, χ2(1) = 8.36, p = .003, 95% CI [-0.04, -0.01], as well as a quadratic 
age × infant freezing × peer social preference interaction, χ2(1) = 5.77, p = .013, 
95% CI [0.004, 0.04], for self-reported depressive symptoms (see FIGURES S2A-C 
and TABLE S7 in Supplementary Material). For self-reported anxiety symptoms, we 
also observed a linear age × infant freezing, χ2(1) = 8.11, p = .004, 95% CI [-0.04, 
-0.01], and a quadratic age × infant freezing × peer social preference interaction, 
χ2(1) = 6.62, p = .009, 95% CI [0.004, 0.03], but not a quadratic age × infant freezing 
interaction, χ2(1) = 0.02, p > .250, 95% CI [-0.02, 0.02] (FIGURES S2D-F, TABLE S8). Both 
depressive and anxiety symptoms contributed to the observed moderation effect 
of peer social preference on the association between infant freezing and relative 
changes in the development of internalizing symptoms.
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FIGURE S2. These line graphs show model-based changes in self-reported depressive (Panels A, B, C) 
and anxiety symptoms (Panels D, E, F) at ages 9, 12, 14, and 17 as a function of infant freezing and as a 
function of peer social preference (no freezing/low preference [1 SD below mean]; medium freezing/
medium preference [M = 0]; longer freezing/high preference [1 SD above mean]). We administered 
only a depression, but not an anxiety questionnaire at age 12. Anxiety and depression self-reported 
symptoms were standardized per age.
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TABLE S7. Test statistics predicting self-reported depressive symptoms from linear (L) effect of age, 
quadratic (Q) effect of age, infant freezing to robot, and their interactions (Model 1). Model 2 adds 
parental (Parent) and peer stress (Peer) as main and interaction effects.
Model 1: Infant freezing Model 2: Social stress
Effect χ2
(df = 1)
p 95% CI χ2
(df = 1)
p 95% CI
L age 0.00 > .250 -0.02, 0.02 0.20 > .250 -0.01, 0.02
Q age 0.00 > .250 -0.02, 0.02 0.00 > .250 -0.02, 0.02
Freezing 0.02 > .250 -0.13, 0.14 0.99 > .250 -0.07, 0.20
L age × Freezing 4.64 .031* -0.04, -0.002 3.90 .062 -0.04, -0.0001
Q age × Freezing 8.33 .007** -0.04, -0.01 8.36 .003** -0.04, -0.01
Parent 4.73 .033* -0.29, -0.02
Peer 0.75 > .250 -0.19, 0.08
L age × Parent 0.77 > .250 -0.01, 0.03
L age × Peer 0.84 > .250 -0.01, 0.03
Q age × Parent 0.00 > .250 -0.02, 0.02
Q age × Peer 0.20 > .250 -0.01, 0.02
Freezing × Parent 0.14 > .250 -0.18, 0.12
Freezing × Peer 0.00 > .250 -0.14, 0.13
L age × Freezing × Parent 3.18 .091 -0.04, 0.002
L age × Freezing × Peer 0.52 > .250 -0.03, 0.01
Q age × Freezing × Parenta 0.06 > .250 -0.02, 0.02
Q age × Freezing × Peer 5.77 .013* 0.004, 0.04
Notes: a We observed a convergence warning for the quadratic age × infant freezing × quality of 
parental behavior interaction for self-reported depressive symptoms. We carefully checked this 
warning by comparing the Log Likelihood estimates when using different optimizers for the model 
required to test the significance of the quadratic age × infant freezing × quality of parental behavior 
interaction term. As the different optimizers revealed very similar results, the original convergence 
warning can be treated as a false positive and the statistical results regarding the quadratic age × infant 
freezing × quality of parental behavior interaction can be assumed to be reliable.
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TABLE S8. Test statistics predicting self-reported anxiety symptoms from linear (L) effect of age, 
quadratic (Q) effect of age, infant freezing to robot, and their interactions (Model 1). Model 2 adds 
parental (Parent) and peer stress (Peer) as main and interaction effects.
Model 1: Infant freezing Model 2: Social stress
Effect χ2
(df = 1)
p 95% CI χ2
(df = 1)
p 95% CI
L age 0.23 > .250 -0.01, 0.02 0.75 > .250 -0.01, 0.02
Q age 0.01 > .250 -0.01, 0.01 0.69 > .250 -0.02, 0.01
Freezing 1.49 .231 -0.24, 0.06 0.47 > .250 -0.20, 0.09
L age × Freezing 6.08 .017* -0.04, -0.005 8.11 .004** -0.04, -0.01
Q age × Freezing 1.05 > .250 -0.01, 0.02 0.02 > .250 -0.02, 0.02
Parent 0.24 > .250 -0.19, 0.11
Peer 1.02 > .250 -0.22, 0.07
L age × Parent 5.66 .017* 0.004, 0.04
L age × Peer 1.19 > .250 -0.03, 0.01
Q age × Parent 0.86 > .250 -0.02, 0.01
Q age × Peer 0.84 > .250 -0.01, 0.02
Freezing × Parent 0.67 > .250 -0.09, 0.22
Freezing × Peer 0.13 > .250 -0.17, 0.12
L age × Freezing × Parent 0.43 > .250 -0.02, 0.01
L age × Freezing × Peer 1.01 > .250 -0.03, 0.01
Q age × Freezing × Parent 2.21 .168 -0.005, 0.03
Q age × Freezing × Peer 6.62 .009** 0.004, 0.03
Notes: As we had no self-reported anxiety questionnaire at age 12, we were not able to include 
the random effect of the linear and quadratic slope of age at the same time into the model. Similar 
results were found when we conducted the model once with the linear slope of age and once with 
the quadratic slope of age as random effects. Here, the results of the linear slope of age as random 
effect are reported.
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Appendix S12 – Serotonin Transporter Gene Polymorphism
As reported in the main text, we found that S’-homozygotes showed more de-
viations in both absent and longer infant freezing behavior, when compared to 
L’-carriers (see FIGURE S3).
FIGURE S3. The bar graph illustrates that S’-homozygotes (S’/S’ carriers) showed on average more 
deviations (in the sense of absent or longer infant freezing behavior) compared to L’-carriers (L’/L’ 
and L’/S’-carriers combined) of the 5-HTTLPR/rs25531 polymorphism. Error bars represent 95% 
confidence interval.
We also investigated whether the 5-HTTLPR/rs25531 polymorphism moderates the 
association between deviant infant freezing (i.e., reflecting either absent or exces-
sively long freezing; see main text for calculation of this deviant freezing score) 
and an individual’s peak in self-reported internalizing symptoms. An individual’s 
peak in internalizing symptoms was visually determined based on plotting the 
interactions between linear and quadratic age × infant freezing of the mixed-effect 
model results reported in the main text (model-based plotting as well as plotting of 
raw data yielded the same results): For individuals showing longer infant freezing 
(>1 SD above the freezing mean) we used the score of internalizing symptoms at 
age 12 as their peak in internalizing symptoms, for individuals showing no infant 
freezing (<1 SD below the freezing mean) we used their score of internalizing symp-
toms at age 17, whereas for individuals showing medium infant freezing (between 
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>-1 SD and <1 SD of the freezing mean) we determined the average of internalizing 
symptoms between ages 12, 14, and 17 as they showed no clearly defined peak 
in internalizing symptoms. Using the lm function from the stats package (R Core 
Team, 2016), we ran a regression model13 predicting peak in self-reported inter-
nalizing symptoms from deviant infant freezing, 5-HTTLPR/rs25531 polymorphism 
(i.e., S’-homozygotes vs L’-carriers [L’/L’ and L’/S’ combined]), and their interaction 
(R2 = .09, F(3, 89) = 3.11, p = .030; deviant freezing: t(89) = 2.97, p = .004; 5-HTTLPR/
rs25531: t(89) = 0.76, p > .250; deviant freezing × 5-HTTLPR/rs25531: t(89) = -1.65, 
p = .103). These results suggest that 5-HTTLPR/rs25531 did not moderate the as-
sociation between deviant infant freezing and peak in internalizing symptoms, 
but that the effect of infant freezing on peak in internalizing symptoms remained 
when taking 5-HTTLPR/rs25531 variations into account.
Appendix S13 – Association Between Infant Freezing and Peer Stress
We observed no significant association between infant freezing to robot and peer 
stress for participants included in current self-reported internalizing analyses 
(r = -.01, p > .250, 95% CI [-.14, .10]; we used the rank based correlation coefficient 
Kendall’s tau because of the constrained [i.e., between 0 and 1] distribution of 
infant freezing).
13 To meet statistical assumptions, two influential cases (standardized outliers >3 SD combined 
with Cook’s distance > 4/N) were removed.
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Defensive stress reactions, such as freezing and active fight-
or-flight, are relevant for coping with threat. Recently, animal 
models of the neural circuitry implicated in these defensive 
reactions have been translated to humans. However, it remains 
unclear whether those insights also translate to human ad-
olescent maturation. In this study, 17-year old adolescents 
(n = 68) were tested with an fMRI-adapted shooting task 
previously used to induce threat-anticipatory freezing and 
switch to active fight responses in adults. Similar to adults, 
when adolescents prepare for shooting under threat their 
heart-rate decelerates, and activity in subcortical and thalamic 
structures increases. During the subsequent switch to active 
shooting, the perigenual anterior cingulate cortex (pgACC) 
of adolescents becomes active. Differently from adults, ado-
lescents preparing for shooting under threat activate their 
amygdala. This effect was related to the amount of callous 
unemotional traits (a juvenile precursor of psychopathy), as 
well as negative amygdala-PAG connectivity. Crucially, PAG 
activity was not threat-specific during this preparatory stage 
of freezing - as seen previously in adults. These findings may 
point to the emergence of an adult-like neuro-physiological 
profile of freeze during late adolescence, whilst highlighting 





In response to threat, many animals exhibit an automatic defensive cascade of 
freezing and fight/flight reactions (Blanchard, 2017; Fanselow & Lester, 1988; 
Gabrielsen et al., 1985; Kempster et al., 2013). Anticipatory freezing is often as-
sociated with fear bradycardia (reduced heart rate) and alerted immobility, and 
is organized through neural circuits supporting defensive behavior, namely the 
amygdala-periaqueductal grey (PAG) and medial prefrontal cortex network 
(Blanchard, Griebel, & Blanchard, 2003; Fanselow, 1994; Korte, Koolhaas, 
Wingfield, & McEwen, 2005; Tovote et al., 2016). Human threat-anticipatory freez-
ing has revealed similar psychophysiological, neural and action preparatory prop-
erties as those identified in other animals (Hagenaars, Oitzl, et al., 2014; Hashemi 
et al., 2019; Roelofs, 2017). The development of the freeze response and the neural 
network sub-serving its regulation has previously been demonstrated in rodents 
(Chan et al., 2011), with no human study investigating this to date. We therefore 
test the neural, physiological, and behavioral correlates of the anticipatory freeze 
response in human adolescences and identify potential developmental effects.
Adequate tuning of defensive reactions to threat requires balancing be-
tween sympathetic and parasympathetic activity of the autonomic nervous system 
(ANS). Upon threat detection, active fight or flight options are supported by rapid 
noradrenergic-driven sympathetic arousal and muscular activation. Concurrently, 
freezing is supported by the parasympathetic branch of the autonomic nervous 
system, providing a temporary break on the motor system and a net heart rate 
deceleration (Fanselow, 1994; Schenberg et al., 1993). Therewith immobility and 
bradycardia during freezing, associated with concurrent sympathetically driven 
vigilance and action preparation, leads to an alerted state of immobility poised 
for a response (Kozlowska et al., 2015; Roelofs, 2017).
A recent meta-analysis has shown that the PAG is implicated in response 
to both threat and threat-approach responses (Patrick et al., 2019). Specifically, 
lesion and stimulation studies in rodents suggest that the ventrolateral periaque-
ductal grey (vlPAG) is responsible for freezing (Kim et al., 1993; Vianna et al., 2001; 
Walker & Carrive, 2003), whereas the dorsal or dorsolateral (dl) PAG is involved in 
generating fight/flight responses (Keay & Bandler, 2001). Indeed, whereas amyg-
dala projections to the dlPAG activate flight/flight responses, amygdala projections 
to the vlPAG inhibit dlPAG output, thus resulting in immobility – the central aspect 
of a freeze response (Keay & Bandler, 2001; Tovote et al., 2016; Walker & Carrive, 
2003). Bradycardia often observed during threat anticipatory freezing is due to the 
vlPAG, also activating the vagal pathway to generate parasympathetically-driven 
heart rate deceleration (Farkas et al., 1997; Walker & Carrive, 2003).
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Recent work in human adults has shown that threat-anticipatory PAG ac-
tivity supports decision-making by facilitating action preparation (Hashemi et al., 
2019). The switch from freeze to fight/flight responses is likely the result of the 
amygdala releasing its inhibitory effect on the vlPAG (Gozzi et al., 2010). Animal 
as well as recent human work suggests that this switch is also facilitated by the 
ventromedial prefrontal cortex (vmPFC) and the anterior cingulate cortex (ACC) 
via their connections with the amygdala (Gozzi et al., 2010; Hashemi et al., 2019; 
Tovote et al., 2015). Taken together, this supports the notion of a neural switch 
from passive to active defense reactions, facilitating effective action preparation 
and modulated by higher-order cortical circuits.
Rodent studies demonstrate the developmental course of threat-related 
freezing responses – which are dependent on the maturation of the hypothalamic -
pituitary-adrenal (HPA) axis and increased corticosterone14 levels during early-life 
(Santiago et al., 2017; Takahashi & Rubin, 1993). In particular, increased levels 
of corticosterone trigger threat-induced amygdala activation, which enables the 
initiation of the freeze response (Santiago et al., 2017). During adolescence, the 
mPFC takes on a progressively functional role and starts to modulate PAG activity 
and regulate freezing behavior (Chan et al., 2011). In humans, previous studies 
have reported freezing responses across development - during infancy, as well 
as in early and late adolescence (Buss et al., 2004; Niermann et al., 2017, 2015; 
Niermann, Tyborowska, et al., 2018). However, the neural circuits supporting freez-
ing and the subsequent transition to action remain unknown outside of adulthood.
A neuro-developmental shift in the regulation of automatic emotional ac-
tions within the prefrontal-amygdala circuit has previously been demonstrated 
during adolescence with less mature adolescents relying more on the amygdala vs. 
more mature adolescents recruiting prefrontal structures during emotional action 
control (Tyborowska et al., submitted, 2016). In this study, we qualify the neural 
circuits related to anticipatory freezing and the subsequent switch to action during 
a critical developmental period, taking into account pubertal maturation (indexed 
by testosterone levels). Based on previous work in adults (Hashemi et al., 2019), we 
hypothesize increased PAG and amygdala activation during anticipatory freezing 
and involvement of the mPFC (pgACC) during the shift to action. In addition, we con-
sider the behavioral relevance of these activation patterns focusing on externalizing 
behaviors, which have previously been shown to modulate freeze responses in this 
paradigm (Gladwin et al., 2016). We specifically focus on callous unemotional traits 
which have been related to anterior-cingulate maturational changes in this cohort 
14 In rodents the predominant stress hormone is corticosterone, whereas in humans this is cortisol.
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(Tyborowska et al., 2018) and which are shown to be a risk factor for the devel-
opment of psychopathology later in life (Forbes et al., 2016; Frick & White, 2008).
Materials and Methods
Participants
All actively participating 17-year-old adolescents (Supplementary Material TABLE S1) 
from the Nijmegen Longitudinal Study on Child and Infant Development (n = 116) 
were approached to take part in this imaging study. Functional magnetic imaging 
was obtained from 68 participants who meet standard MRI inclusion criteria. 
Participants who did not follow task instructions (n = 3) or moved excessively during 
scanning (n = 1) were excluded, resulting in 64 participants (36 boys). All partici-
pants had normal or corrected-to-normal vision, no history of psychiatric disorders 
or neurological illness (as indicated by parent/guardian report). Written informed 
consent was obtained from both parents and participants. The study was approved 
by the local ethics committee (CMO region Arnhem-Nijmegen, The Netherlands).
Experimental Task
During the shooting task, participants had to make fast decisions under threat 
of shock (Gladwin et al., 2016). They were presented with one of two opponent 
avatars standing in the center of a parking garage. An armed policeman was fea-
tured in the background on the left or right side of the screen (alternating per 
block). The participant also had a view of his/her own “in task” hands holding a 
gun. The trial began with one of two randomly presented opponents (the cue). The 
opponents were visually distinct and signaled the preparation for action. One of 
the opponents was always associated with electric stimulation (high threat cue) 
while the other never was; this was counterbalanced across participants. After a 
varied preparation period (short: 500 – 1500 ms, middle: 1500 - 5000 ms, slow: 
5000 – 7000 ms), the opponent could either draw a gun or pull out a mobile phone 
(stimulus). An armed opponent signaled the participant to shoot, whereas an un-
armed opponent (holding a mobile phone), an inhibitory response. Participants 
were instructed to fire their gun as quickly as possible, before the opponent shot 
them first (i.e., within the response window) and received visual feedback that 
they shot the opponent. If participants fired too early (before the gun draw) or 
shot an opponent holding a phone (i.e., false alarms), they were punished by the 
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policeman standing in the back of the garage (i.e., visual feedback of being shot). If 
they were too slow, they were shot by the opponent. The visual feedback of being 
shot was combined with an electric shock only for the highly threatening opponent 
and not for the low threat opponent. The frequency of aversive stimulations was 
kept consistent during the task and between subjects by titrating the response 
window to the participant’s performance so that they would be shot on approx-
imately 50% of the trails. Electric stimulation was set to an unpleasant, but not 
painful, level with a standard work-up procedure (Klumpers et al., 2010).
The task-procedure consisted of three phases: introduction, training, and 
measurement. During the introduction phase (4 trials), participants learned which 
opponent was highly threatening and paired with an electric shock (a shock was 
always associated with one of the opponents, regardless of shooting performance). 
In the training phase, participants performed 2 blocks, 90 trials each. The length 
of the preparation period was distributed such that 80% were short preparation 
intervals, 10% were middle and 10% slow. The inter-trial interval (ITI) was 400-
600 ms. The training phase was included to establish low and high threat stimulus 
– response associations and differentiate a physiological response between high 
and low threating trails based on previous studies with this task (Gladwin et al., 
2016; Hashemi et al., 2019). The measurement phase consisted of 4 blocks, 30 
trials each. To acquire a sufficient number of trials for which the time course of 
preparation-related freezing responses could be analyzed, 60% of the preparation 
intervals were slow. Short and middle intervals were also included to ensure that 
the moment of ‘attack’ was unpredicted. The ITI varied between 50% fast intervals 
(5000 – 6000 ms), 30% middle (6000 – 7000 ms), and 20% slow (7000 – 8000 ms).
After the task, participants filled in a questionnaire about their subjective 
responses to the task on a nine-point Likert scale using self-assessment manikins 
(Bradley, & Lang, 1994). To assess awareness of experimental contingencies, par-
ticipants were asked which of the two opponents was associated with a shock and 
how confident they were about that. Participants also indicated how motivated 
they were to shoot each opponent and rated their valence, arousal, and dominance.
Materials and Procedure
The Shooting Task was part of a larger assessment carried out within the Nijmegen 
Longitudinal Study (for overview of protocol see Supplementary Material in 
Niermann et al., 2017). Saliva samples were always collected at the beginning of 
the protocol. Next, participants completed an unrelated fMRI task in the scanner 
(20 min) and an anatomical scan (5 min). A short break (~15 min) followed during 
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which time the second saliva sample was taken. A finger pulse photoplethysmo-
graph was attached to the left index finger to measure hear rate. Standard Ag/
AgCl electrodes were attached to the middle and ring finger to administer shocks 
via a Maxtens 2000 stimulator enclosed in a in-house designed aluminum box that 
acts like a cage of Faraday so as not to interfere with the MRI measurement. The 
shocker was individually calibrated (4 min) and participants were familiarized 
with the setup of the task in the introduction phase (4 min), immediately followed 
by the training and assessment phases of the task (35 min).
Pubertal Development Measures
Following the procedure used in (Tyborowska et al., 2016), saliva samples for 
testosterone measures were collected into Salicap (IBL) containers by passive 
drool of ~2ml and stored at ~24°C. Testosterone concentration was measured 
using a competitive chemiluminescence immunoassay (CLIA) with a sensitivity of 
0.0025 ng/mL (IBL), whose intra-assay and inter-assay coefficients are between 
10% and 12%. Participants were instructed to refrain from heavy physical ex-
ercise and consuming food, cigarettes, and drinks (except water) at least ~1 h 
before the experiment. Girls were tested outside of the menstruation phase of 
their cycle. Since during adolescence testosterone levels may undergo variations 
particularly during the night (boys) and early morning (girls; Albertsson-Wikland 
et al., 1997; Ankarberg & Norjavaara, 1999), it was always sampled after 10:00 A.M 
and in duplicate, 2 hours apart. Testosterone values between the first and second 
measurement remained consistent for both boys (t(35) = 1.534, p = .134) and girls 
(t(27) = 1.408, p = .171). Testosterone levels from the first measurement were used 
for subsequent analyses following Tyborowska et al. (2016). Finally, two additional 
self-report measures of pubertal development (secondary sexual characteristics) 
were collected with the use of the Pubertal Development Scale (PDS; Petersen et 
al., 1988) and Tanner Stages (Tanner, 1962).
Antisocial Traits
The self-report and parent-report versions of the Inventory of Callous Unemotional 
Traits (ICU; Frick, 2003) were used to measure affective features of callousness 
such as lack of empathy, disregard for others, and shallow affect. The ICU consists 
of 24 items scored on a four-point Likert scale (1 = not at all true, 4= definitely 
true). The self-report and parent-report versions were significantly correlated 
(r = .5, p < .001). Following the same procedure previously used in the Nijmegen 
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Longitudinal Study cohort (Tyborowska et al., 2018), a mean score was created 
from the self- and parent-report versions to increase consistency of the measure. 
For four participants with missing data (3 self-report, 1 parent-report) the avail-
able score was used for further analysis.
Heart Rate Analysis
To assess freezing-related bradycardia in anticipation of high (shock) versus low 
threat, heart rate data was preprocessed with Matlab2015a and analyzed with 
SPSS23. Raw data was downsampled to 250 Hz and passed through a butterworth 
band-pass filter (0.5-10 Hz). An automated peak detection algorithm (developed 
in-house) was used to assess heart rate. Each trial was then visually inspected 
and peak detection was manually corrected wherever this was required. Only 
trials with a duration of at least 5.5 seconds, with correct responses, and without 
electrical stimulation, were included in the analysis. The latter two were excluded 
because shocks and wrong responses coincided with the switch to action phase. 
Additionally, the first trial from each block as well as trials with an insufficient 
signal-to-noise ratio were discarded from the analysis. Participants had to have 
a minimum of 14 remaining trials per condition to be included in the analysis, 
resulting in 43 datasets that were included in the heart rate analysis. The high ex-
clusion rate (n = 21) is likely a result of movement- and (scanner) sequence-related 
artefacts on the finger-clips used to measure HR. Changes in heart rate during 
the preparation period were calculated in beats-per-minute (BPM) relative to a 
baseline period of 1 second before event onset.
Since we expected freezing-related bradycardia during the preparation 
phase, the analysis was time-locked to the cue. Changes in BPM were calculated be-
tween 3 and 6 seconds relative to the baseline period (before cue onset) to exclude 
orienting effects of freeze (Hagenaars, Roelofs, & Stins, 2014). Time windows were 
separated into half-second bins per condition (Graham, 1978) and entered into a 
repeated measures ANOVA with cue (low vs. high threat) and time (8 time windows 
centered around the following time points: 3.0s, 3.5s, 4.0s, 4.5s, 5.0s, 5.5s, 6.0s, 6.5s 
post cue) as within-subject factors. Differences in heart rate responses were ana-
lyzed in the 3 – 6.5s time-window base on previously reported dynamics of threat- 
induced bradycardia and freezing response (Castegnetti et al., 2016; Hagenaars, 
Oitzl, et al., 2014). Gender was included as a between-subject factor based on pre-
vious reports in this sample (Tyborowska et al., submitted). Planned paired sample 
t-tests were performed to quantify main effects of threat per time point. Since the 
assumption of sphericity was violated based on Mauchly’s test of sphericity for 
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the main effect of time (χ2(27) = 360.3, p < .001) and the cue × time interaction 
(χ2(27) = 259.2, p<.001), degrees of freedom were corrected using Greenhouse-
Geisser estimates (ε = .28 for main effect of cue and ε = .41 for cue × time interaction).
Behavioral Analysis
Behavioral data was analyzed with Matlab2015a and SPSS23. Reaction time 
(RT) analysis included only correct responses during the response window 
(200 – 500 ms). Trials in which participants were shot due to the titration were 
discarded from the analysis. A paired sample t-test was used to test for differences 
in RT between high and low threat trials. A three-way repeated-measures ANOVA 
with factors cue (high, low), draw (shoot, withhold), and gender (boys, girls) was 
conducted on accuracy with standardized (per gender) testosterone levels in-
cluded in the model as a covariate. Planned paired-sample t-tests compared the 
effect of high vs. low threat. The α level was set at p < .05.
fMRI Acquisition
The fMRI data were acquired on a Siemens 3 tesla TRIO and PRISMA MRI scanners 
(at same testing site) using a 32-channel coil. Functional scans were acquired using 
a multiecho echoplanar imaging (EPI) sequence (TRIO TR = 1730 ms / PRISMA 
TR = 1740 ms; TRIO TE = 11 ms, 24.76 ms / PRISMA TE = 11 ms, 25 ms; flip angle 90 
degrees; 37 transversal slices; 3.3 × 3.3 × 3.0mm voxels; FOV = 212 mm). This type 
of parallel imaging technique significantly reduces the echo train length, reducing 
motion artifacts, image distortion, and improving BOLD sensitivity (especially 
in brain regions typically compromised by a single short TE). This also improves 
coregistration of functional and anatomical data (Poser et al., 2006). Our data was 
acquired on two different scanners due to an update of the resonance magnetic 
system during data collection at the testing site. As a result, 41 participants (out 
of 64) were scanned on the PRISMA system. T1-weighted images were acquired 
using an MPRAGE sequence (TR = 2300 ms; TE = 3.03 ms; 192 sagittal slices; 1.0 
× 1.0 × 1.0mm voxels; FOV = 256 mm).
fMRI Preprocessing
Functional data were preprocessed and analyzed using the Matlab toolbox 
SPM12 [Statistical Parametric Mapping (www.fil.ion.ucl.uk/spm)]. The multiecho 
sequence acquired two echoes per volume at every point in time. The first four 
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volumes of each echo were discarded to control for T1 equilibration effects. 
Head motion parameters were estimated based on the first echo using a least-
squares approach with six rigid-body transformation parameters (translations, 
rotations) and copied to the second echo. The two echoes were combined into a 
(echo-time weighted) single volume. Next, the time courses of each voxel were 
realigned to the middle slice (slice 18) to correct for time differences in acqui-
sition. The T1 anatomical image was coregistered to the mean of the functional 
images. Using the “Segment” tool (SPM12), the T1 anatomical image was seg-
mented into grey matter, white matter, and CSF. The fMRI time series was nor-
malized and smoothed using a group-specific template based on segmented, grey 
matter images (T1-weighted). Diffeomorphic anatomical registration through 
exponentiated lie algebra (DARTEL; Ashburner, 2007) was used for inter-sub-
ject registration of the grey matter images. The fMRI time series was then trans-
formed and resampled at an isotropic voxel size of 2 mm, resulting in spatially 
normalized, Jacobian scaled, and smoothed (8mm FWHM Gaussian kernel) images.
fMRI Analysis
The fMRI time series were analyzed in an event-related design within the general 
linear model, with the aim to identify brain circuits associated with freezing re-
sponses (preparation period) and the switch to action under threat. The first two 
fast paced practice blocks were excluded from the analysis. Vectors for the low 
and high threat conditions describing the onset of the cue, shooting, and withhold 
responses were modeled as stick functions and the preparation period as a boxcar 
function. Additional regressors separately modeled incorrect responses (shooting 
too soon, too late or false alarms), shock and button presses. Regressors were con-
volved with a canonical hemodynamic response function resulting in 8 main task 
regressors (and 3 additional regressors) in the SPM multiple regression analysis.
Head movement-related effects were modeled using six motion parameters 
estimated with the spatial realignment procedure. Timecourses of signal intensi-
ties of white matter, CSF, and the portion of the MR image outside the skull were 
included as three additional regressors. Inspection of the fMRI signal acquired on 
the PRISMA reflected sudden slice specific fluctuations in signal intensity too fast 
to be blood oxygen level dependent (BOLD). We therefore included for all subjects, 
slice-specific regressors modeling the global signal intensity per slice to ensure 
that these differences did not bias results. The fMRI time series were high-pass 
filtered (128 s cutoff), and a first-order autoregressive model was used to account 
for temporal autocorrelation.
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Contrast images for the effects of interest were generated per subject and 
entered into a group-level random effects analysis using one-sample t-tests. Gender 
and log-transformed, standardized-per-gender, testosterone levels were included 
as covariates (Tyborowska et al., 2016). To control for the acquisition of data on 
different machines, a scanner regressor was included as a covariate of no interest.
Following previous analyses (Hashemi et al., 2019), we tested for the 
effect of high vs. low threat during preparation and switch to action. In a second 
step, we tested whether these effects differed between gender and whether they 
were modulated by pubertal testosterone levels, similarly to (Tyborowska, 2019, 
submitted). In addition to whole-brain analyses, we tested for region of interest 
(ROI) effects within the PAG and amygdala with respect to freezing-related action 
preparation. During the switch to action, we additionally tested for ROI effects 
in the PAG and perigenual anterior cingulate cortex (pgACC). The same bilateral 
PAG mask was used as in (Hashemi et al., 2019). The bilateral amygdala mask was 
taken from the Anatomical Automatic Labeling (AAL) atlas. An anatomical mask of 
the pgACC was created from the Brainnetome Atlas (Fan et al., 2016; http://atlas.
brainnetome.org/bnatlas.html) and was comprised of the parcelation of the sub-
genual and pregenual region of area 32 (ACC). Whole-brain analyses were based 
on a cluster-forming threshold of p < .0001 (uncorrected) and inferences were 
made at the cluster level (pFWE < .05). A small volume correction (SVC; p < .05) was 
applied to ROI analyses and inferences were made at the voxel-level (pFWE < .05). 
Anatomical inference was drawn by superimposing the SPM images on a standard 
SPM single-subject T1 template. Brodmann areas (BA) were assigned based on the 
MRIcron template (http://people.cas.sc.edu/rorden/mricron/index.html).
Functional Connectivity Analysis
Following the fMRI results, we tested interregional connectivity in the neural circuit 
involved in preparatory freezing responses. We therefore performed two separate 
psychophysical interaction (PPI) analyses (Friston et al., 1997) – with the right and 
left amygdalae as seed regions during high versus low threat preparation intervals. 
Testosterone levels (log-transformed and standardized per gender) and gender were 
included as covariates. Voxels included in the seed region were selected for each 
participant based on a sphere (8 mm radius) around the peak voxel of the group-level 
activation cluster (left amygdala model MNI coordinates: -22, 0, -12; right amyg-
dala model MNI coordinates: 24, 2, -12). For the PPI, contrasts were generated 
between the seed region time courses and high versus low threat conditions. These 
participant-specific contrast images and corresponding regressors for testoster-
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one levels and gender, were entered into a multiple regression analysis. In addi-
tion to whole-brain analysis, we tested for ROI effects in the bilateral PAG with a 
mask taken from (Hashemi et al., 2019). A follow-up PPI analysis was conducted 
on the left amygdala seed during high threat vs. baseline preparation intervals, 
following the same afore-mentioned procedure. Finally, exploratory analyses were 
performed on testosterone modulation effects.
Results
Behavior
Based on previous work in adults using the same task (Hashemi et al., 2019), 
we expected that the threat of shock would increase the speed and tendency 
to shoot. A significant cue × draw interaction for accuracy (F(1,61) = 50.61, p < 
.001) confirmed this for the tendency to shoot (FIGURE 1B). If participants were 
required to withhold their responses, they were less accurate on high versus 
low threat trials (t(63) = -4.005, p < .001). However, if required to shoot, they 
made less mistakes on high threat trials (t(63) = 5.802, p < .001). Within the high 
threat condition, participants were also better at shooting than withholding 
(t(63) = 4.938, p < .001) whereas the opposite pattern was true for low threat trials 
(t(63) = -3.101, p = .003). The accuracy effect did not interact with testosterone 
levels (F(1,61) = 0.31, p = .861) or gender (F(1,61) = .383, p = .539). There was also 
a main effect of cue (F(1,61) = 6.244, p = .015) indicating overall higher accuracy 
on high threat trials. Finally, there was no significant difference in RT for high and 
low threat trials (t(63) = -1.326, p = .19).
Heart Rate Response
A significant main effect of time (F(1.95, 79.97) = 18.767, p < .001) indicated a de-
crease in heart rate responses during the preparation phase. Furthermore, a sig-
nificant cue × time interaction (F(2.85, 116.89) = 5.011, p = .003) showed that this 
decrease was more pronounced in the high threat condition (FIGURE 1A). This was 
further confirmed by post hoc t-tests at timepoints 5.0s (t(42) = 2.38, p = .022), 5.5s 
(t(42) = 2.67, p = .011), 6.0s (t(42) = 3.27, p = .002) and 6.5s (t(42) = 2.36, p = .023) post 
cue. This replicates previous findings in humans showing that anticipation of threat 
is related to robust fear bradycardia (Castegnetti et al., 2016; Hashemi et al., 2019).
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FIGURE 1. Heart rate and behavioral responses during the shooting task. a) Average heart rate in beats 
per minute (BPM) during the preparation interval showed increased bradycardia in the high (read) vs. 
the low (green) threat condition. b) During the high threat (vs. low condition), participants were less 
accurate in withholding their responses, but also more accurate when shooting was required. Bars 
show SD = 2; dots represent individual means per participant. Asterisks indicate pairwise significance,
** p < .001, * p < .01.
fMRI Results
Preparation phase
We examined neural circuits active during the preparation phase in high versus 
low threat trials. Significant activation was found in subcortical regions associ-
ated with threat appraisal and action preparation during the anticipation period, 
namely the amygdala, insula (local maximum: -20, 2, -10; pFWE < .001), caudate, thal-
amus, putamen (local maximum: 12, 0, 12, pFWE < .001) as well as middle prefrontal 
cortex regions (FIGURE 2A; for all effects see TABLE 1). The PAG (local maximum: 
10, 6, 0; pFWE < .001) was activated during the anticipation phase, but this was 
not specific to the high threat condition (Supplementary Materials, TABLE S2). We 
examined separately the neural circuits active at cue onset from the anticipation 
interval given suggestions that the orienting response (occurring immediately 
after threat detection) may be distinct from the freeze response (Hagenaars, Oitzl, 
et al., 2014). Significant PAG threat-anticipatory effects (high vs. low threat) were 
present at cue onset, but only in interaction with gender, with girls showing higher 
PAG activity (local maximum: 2, -30, -14; SVC pFWE = .01).
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Switch to action
We also aimed to identify regions involved in the switch from defensive prepara-
tion to action under threat. Following the previous study (Hashemi et al., 2019), 
the pgACC (0, 26, 22; SVC pFWE = .047) was significantly activated for high vs. low 
threat shooting responses (FIGURE 2C; for all effects see TABLE 2).
Testosterone modulation effects
Exploratory analyses revealed positive testosterone modulation of threat-specific 
activity in the right amygdala during the preparation phase at cue onset (local 
maximum: 30, -4, -28; SVC pFWE = .008) and negative modulation during the anti-
cipation interval (local maximum: 32, -4, -28; SVC pFWE < .001). During the switch 
from preparation to action, testosterone negatively modulated PAG activity specific 
for shooting under high threat (local maximum: 2, -26, 6; SVC pFWE < .001). All tes-
tosterone related effects are presented in Supplementary Materials TABLES S2 – S4.
Functional connectivity
We tested for the presence of changes in coupling between the amygdala and the 
PAG during the preparation interval. We conducted a psychophysiological inter-
action analysis, with the left and right amygdala (separately) as the seed region 
and high vs. low threat as a psychological factor. An ROI analysis on the PAG in-
dicated negative connectivity between the left amygdala and the left PAG (MNI 
coordinates: -4, -26, -8; SVC pFWE = .047) as a function of high threat (FIGURE 2B). 
We conducted a post hoc analysis to explore the nature of this effect and an ROI 
analysis on the PAG (seed left amygdala), with only high threat (vs. baseline) as a 
psychological factor, confirmed that this activation was due to increased negative 
connectivity during threat (MNI coordinates: -4, -26, -8; SVC pFWE = .016; MNI co-
ordinates: 6, -26, -10; SVC pFWE = .044). We also did not find this effect for the right 
amygdala seed region. Consistent with the main task analysis, testosterone levels 
were included as a covariate in the analysis but did not reveal significant effects 
in our specified ROIs (see Supplementary Materials (S1)).
Antisocial traits
Based on previous studies (De Brito et al., 2009; Sebastian et al., 2016; Tyborowska 
et al., 2018) we related activity in the anterior cingulate cortex (switch phase) to 
ICU scores. We additionally tested this relationship for amygdalae activity during 
the anticipation phase in light of studies showing that altered amygdala reactivity 
is related to callous unemotional trials in adolescents, particularly with respect to 
fearful stimuli (Sebastian et al., 2014; Viding et al., 2012). Activity in the left amyg-
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dala during the action preparation phase (anticipation) was positively correlated 
with callous unemotional traits (r = .276; p = .027). There were no significant 
effects for the right amygdala or the anterior cingulate cortex.
TABLE 1. Significant clusters during the preparation phase for high vs. low threat
MNI coordinates
Anatomical region Side BA k x y z p t
Cue
Central sulcus L 4 263 -38 -28 62 .001 4.96
Cerebellum / Pons L / R 152 0 -38 -32 .022 4.16
Girls > Boys
Superior parietal gyrus L 18/19 243 -16 -70 36 .002 5.31
PAG R 2 -30 -14 .01a 3.37
Anticipation Interval
Caudate/ Thalamus/ Putamen R 2671 12 0 12 <.001 7.89
Amygdala / Insula L 48 627 -20 2 -10 <.001 6.03
Amygdala R 34 24 2 -12 <.001a 5.88
Middle cingulate cortex L / R 24/32 1266 -2 6 44 <.001 5.90
Middle frontal gyrus R 6 177 36 0 60 .014 4.57
Girls > Boys
Cerebellum L / R 292 -4 -54 -32 .001 5.01
Note: BA, Brodmann Area; k, number of voxels in a cluster; p, FWE-corrected cluster-level value; t, 
t-statistic at the peak voxel; R, right; L, left.
aSVC pFWE peak voxel statistic in anatomically defined area
TABLE 2. Significant clusters during the switch phase
MNI coordinates
Anatomical region Side BA k x y z p t
Shoot vs. Withhold × High vs. Low Threat
Cerebellum R 27 257 2 -44 -4 .002 4.31
Shoot High vs. Low Threat
pgACC R/L 24 0 26 22 .047a 3.93
Cerebellum L 138 2 -44 -4 .039 4.63
Shoot vs. Withhold
Cerebellum R 257 2 -44 -4 .002 4.31
Note: BA, Brodmann Area; k, number of voxels in a cluster; p, FWE-corrected cluster-level value; t, 
t-statistic at the peak voxel; R, right; L, left.















FIGURE 2. Task-related activity and functional coupling during the anticipation phase and switch to 
action for high vs. low threat. a) Amygdala activity during the anticipation phase in the right (SVC pFWE 
< .05) and left hemisphere (pFWE < .05). b) Negative functional connectivity between the left amygdala 
and PAG for high vs. low threat (SVC pFWE < .05). c) Increased activity in the perigenual anterior cin-
gulate cortex during the switch to shooting responses (SVC pFWE < .05). Statistical maps thresholded 
at p < .001 uncorrected (a) and p < .05 uncorrected (b-c) for display purposes.
Discussion
In this study, we isolated the neural circuits and physiological responses re-
lated to defensive reactions and the subsequent switch to action in an adolescent 
sample. In line with previous work in adults (Hashemi et al., 2019), during the 
preparation phase, we observed increased bradycardia under threat of shock, 
indicative of a freezing response, which was accompanied by increased activity 
in threat evaluation and action preparation regions, including the thalamus, cau-
date and insula. In contrast to previous work in adults during freezing, and in 
line with increased involvement of the amygdala in adolescents during emotional 
action control (Tyborowska et al., submitted), we found increased anticipatory 
threat-related activity in the amygdala, which was correlated to callous unemo-
tional traits. Also, unlike previous work in adults (Hashemi et al., 2019), PAG 
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activity during the freezing interval was not high-threat specific, and connectiv-
ity between the amygdala and PAG was negative (as opposed to positive). Most 
effects during the subsequent ‘switch to action’ phase were in line with adult 
work. Namely, high (versus low) threat was associated with increased pgACC ac-
tivity and with more shooting reactions (even when shooting had to be withheld, 
indicative of a ‘trigger-prone’ reaction profile). We conclude that although the 
psychophysiological and behavioral effects found in adolescents are similar to 
those in adults, the neural profile shows deviations from the patterns previously 
observed in adults. Below we will discuss the similarities and differences in light 
of neural development.
Many of the neural, behavioral, and physiological findings of the present 
study are similar to those reported in adults (Gladwin et al., 2016; Hashemi et al., 
2019). As in previous fMRI work using this task (Hashemi et al., 2019), our results 
suggest that anticipatory activity in the amgydala-PAG circuit facilitates action 
preparation and highlight the role of the pgACC in switching to action (Hashemi 
et al., 2019). Also the activation patterns in the thalamus, striatum, and cingulate 
regions during the preparation interval were replicated.
Most remarkable was the absence of threat-specific PAG activity during 
the anticipation phase. In adolescents this was restricted to cue onset and present 
only in girls. Also in adults (Hashemi et al., 2019), amygdala-PAG connectivity was 
positive, irrespective of threat, while in adolescents – this was negative for high 
threat (vs. low threat) conditions. To interpret these findings it may be interesting 
to take into account the fact that, unlike previous findings in adults, adolescents 
showed threat-induced amygdala activation in anticipation of threat of shock. 
This lead us to speculate that the negative pattern of amygdala-PAG connectivity 
found here may signal the amygdala’s inhibition of the dlPAG during freeze (Keay 
& Bandler, 2001; Tovote et al., 2016; Walker & Carrive, 2003). Unfortunately, the 
functional resolution of the imaging data does not allow for an accurate anatomical 
localization of separate PAG sections.
Threat-induced increased amygdala activity during action preparation was 
associated with higher callous unemotional traits. This may at first seem in con-
trast to previous studies reporting threat-related amygdala hypo-reactivity in cal-
lous-unemotional adolescents for fearful faces (Sebastian et al., 2014; Viding et al., 
2012) and during fear conditioning (Cohn et al., 2013). However, recently (Dotterer, 
Hyde, Swartz, Hariri, & Williamson, 2017) did not find evidence for this. Also, in a 
similar version of this task assessed outside of the scanner, (Gladwin et al., 2016) 
found that more aggressive participants had stronger freeze responses towards 
the end of the anticipation interval, suggesting enhanced reactivity and action 
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preparation. In fact, callous unemotional juveniles show disorganized dynamics in 
amygdala circuitry and differential effects for the baso-lateral and central nucleus 
of the amygdala (Aghajani et al., 2017). The present findings may also fit with a 
decreasing role of the amygdala in emotion action preparation – as previous work 
has showed a developmental decrease in amygdala reactivity during action control 
(Tyborowska et al., submitted).
The lack of threat specific PAG activation during action preparation as 
well as no PAG and amygdala activity during the switch to action may fit with 
studies in adolescent mice that show a non-linear pattern in amygdala-dependent 
fear responses, with blunted responses appearing in adolescents (Pattwell, Lee, 
& Casey, 2013). The central nucleus of the amygdala, together with the mPFC, are 
responsible for shifting responses to a threatening stimulus from freeze to action 
(Gozzi et al., 2010; Moscarello & LeDoux, 2013). In adolescent mice, diminished 
contextual fear expression, i.e., less freeze reactions, has been related to lower 
threat-related output of the central nucleus as a result of immature mPFC – limbic 
circuitry (Pattwell, Bath, Casey, Ninan, & Lee, 2011; Pattwell et al., 2013). The 
significant testosterone modulation of amygdala and PAG activity that we found 
during preparation and switch to action (respectively) may, speculatively, be in-
dicative of similar developmental effects in these areas.
Interpretational Issues
In this study, we investigated automatic defense reactions in adolescents using 
a task previously validated in adults. However, given the slight differences in the 
paradigm, we cannot disentangle developmental effects from potential training 
benefits that adults may have had. Furthermore, in order to gain insight into the 
specific puberty-related effects in mPFC, amygdala, and PAG task activation, future 
studies should implement a longitudinal design in order to qualify within subject 
changes over the span of adolescence, rather than time-point differences. A second 
assessment of this task at a later age would allow us to trace the maturation of 
these response into young adulthood.
The lack of overlap with some of the results reported in (Hashemi et al., 
2019) may be due to a number of reasons. First, the design of the study differed 
with respect to the amount of training that participants received on the task. 
While adults completed a separate behavioral training outside of the scanner, 
adolescents in our study received only 2 training blocks inside the scanner. 
While we did find a significant freeze bradycardia response, we cannot rule out 
the possibility that more trials are needed to elicit a stronger PAG response spe-
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cific to threat of shock. Second, we expect that some differences may be due to 
adolescent-specific processes. During this time, the prefrontal cortex undergoes 
structural and functional reorganization (Baker et al., 2015; Tamnes et al., 2017; 
Ziegler et al., 2017). Importantly, previous studies have shown a general develop-
mental shift towards increased prefrontal control over subcortical regions during 
automatic emotion control (Tyborowska et al., submitted, 2016), emotion-relevant 
processing (Heller et al., 2016; Vink et al., 2014), motor response inhibition (Rubia 
et al., 2000; Stevens et al., 2007), and emotional face processing (Barbalat et al., 
2013; Hare et al., 2008; Monk et al., 2003; Somerville et al., 2011). With respect 
to defensive reactions, a similar transition (in rodents) is present in the mPFC for 
regulation of PAG-mediated freeze responses (Chan et al., 2011). It is therefore 
likely that this transition may also involve the pgACC, which has been proposed to 
enable fast switching between different automatic states and is critical in salience 
evaluation in humans (Hashemi et al., 2019).
In line with previous work, we used testosterone as an objective and physio-
logical index of pubertal development in both girls and boys (Huang et al., 2012; 
Shirtcliff et al., 2009). We also built on the known organizational effects of this 
hormone on neural development during adolescence (Herting et al., 2014; Nguyen, 
McCracken, et al., 2016; Schulz & Sisk, 2016). Namely, across adolescence, the function 
of testosterone shifts from a developmental agent of neural organization to a hor-
mone transiently activating socio-sexual behavioral and neural responses (Schulz, 
Molenda-Figueira, et al., 2009b). The present study assumes that activational effects 
on prefrontal control have not yet emerged at Age 17 (Tyborowska et al., submit-
ted). However, it is important to keep in mind that this transition does not occur as 
a dichotomous change, but is likely a gradual shift between organizational and ac-
tivational effects. Future studies should therefore investigate the neural and phys-
iological development of automatic defense reactions in a longitudinal perspective.
Conclusions
Our results suggest that in adolescents, similar to adults, action preparation under 
threat is associated with bradycardia, subcortical activity and PAG-amygdala con-
nectivity while the switch to action with pgACC activity. In contrast to adults, 
adolescents exhibited increased threat-specific amygdala, but not PAG activity 
during action preparation. The continued maturation of key prefrontal regions, 
such as the ACC and mPFC may play an important role in shaping the neural dy-
namics involved in automatic defense reactions.
182 CHAPTER 6
Supplementary Materials
TABLE S1. Demographic information: testosterone levels, PDS, and age per gender
Testosterone t1 (pg/ml) Testosterone t2 (pg/ml) PDS score Age (years)
Boys 123 (63) 135 (75) 3.4 (0.5) 17.21 (0.17)
Girls 29 (17) 26 (15) 3.5 (0.4) 17.11 (0.15)
Values represent the mean (SD). Testosterone t1 and t2 represent the first and second salivary 
measurement (respectively). PDS, Pubertal Development Scale.
TABLE S2. Preparation phase (high and low threat)
MNI coordinates
Anatomical region Side BA k x y z p t
Thalamus, Caudate, 
Insula, Amygdala, PAG
R/L 25 412680 10 6 0 <.001 16.26
Precentral gyrus L 6 589 -38 -6 48 <.001 8.28
Middle / Superior frontal 
gyrus
R 10/46 1537 34 46 20 <.001 8.13
Precuneus R/L 7 228 -8 -68 38 <.009 6.38
Superior parietal gyrus L 7/40 460 -30 -50 52 <.001 5.98
Inferior parietal gyrus R 40 152 30 -48 48 .05 5.66
Girls>Boys
Amygdala L 34/48 205 -22 4 -12 .015 4.27
Negative testosterone modulation
Olfactory cortex L 25 352 -6 20 -14 .001 5.89
Superior frontal gyrus L 9/32 157 -12 50 32 .044 4.84
Note: BA, Brodmann Area; k, number of voxels in a cluster; p, FWE-corrected cluster-level value; t, 
t-statistic at the peak voxel; R, right; L, left.
TABLE S3. Testosterone modulation during the preparation phase high vs. low threat
MNI coordinates
Anatomical region Side BA k x y z p t
Positive Testosterone Modulation
Cue
Amygdala R 36 30 -4 -28 .008a 4.13
Negative Testosterone Modulation
Cue
Occipital cortex L 19 196 -20 -82 22 .006 4.88
Anticipation Interval
Amygdala R 36 32 -4 -28 <.001a 5.14
Note: BA, Brodmann Area; k, number of voxels in a cluster; p, FWE-corrected cluster-level value; t, 
t-statistic at the peak voxel; R, right; L, left.
aSVC pFWE peak voxel statistic in anatomically defined area
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TABLE S4. Negative testosterone modulation during the switch phase
MNI coordinates
Anatomical region Side BA k x y z p t
Shoot vs. Withhold × High vs. Low Threat
PAG R 188 2 -26 -6 <.001a 4.60
Shoot High vs. Low Threat
PAG R 366 2 -26 -6 <.001 4.68
Shoot vs. Withhold
PAG R 188 2 -26 -6 .01 4.61
Note: BA, Brodmann Area; k, number of voxels in a cluster; p, FWE-corrected cluster-level value; t, 
t-statistic at the peak voxel; R, right; L, left.
aSVC pFWE peak voxel statistic in anatomically defined area
S1. Testosterone-Modulated Connectivity as a Function of Testosterone 
During the Preparation Interval
We conducted a psychophysiological interaction analysis with the left and right 
amygdala (separately) as the seed region and high vs. low threat as a psychological 
factor. Exploratory analyses evaluated coupling changes as a function of testos-
terone on the whole brain level. We found connectivity changes between the right 
amygdala and right supplementary motor area (SMA) as a function of testosterone 
(local maximum: 2, 0, 62; SVC pFWE = .006; extent: 245 voxels), namely adolescents 
with lower testosterone levels had increased right amygdala – SMA connectivity. 
There were no significant whole-brain connectivity effects for the left amygdala.

Chapter 7 | General Discussion
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Adolescence is a critical developmental period characterized by dynamic changes 
at the neural, endocrine, behavioral, and psychological levels (Blakemore, 2008; 
Forbes & Dahl, 2010). It delineates a crucial transition phase characterized by 
dynamic structural and functional reorganization of emotional control circuits 
(Baker et al., 2015; Rudolph et al., 2017; Somerville et al., 2013; Ziegler et al., 
2017), particularly with respect to prefrontal circuitry (Silvers et al., 2016). The 
research in this thesis aimed to answer the question how neural areas import-
ant for emotion regulation, in particular the aPFC-amygdala circuit, mature on 
the functional and structural levels. Critical to this question was how pubertal 
maturation (indexed by testosterone levels) and stress influence developmental 
trajectories from mid- to late adolescence. Next, empirical knowledge gained on 
subcortical-prefrontal shifts in the emotional control circuit was used to explain 
adolescent neural substrates of the freeze response. Finally, early-life freezing was 
tested as a marker for the development of internalizing symptomology. Below, I 
summarize the findings of each chapter, discuss and integrate them with current 
knowledge on adolescent development, and propose an agenda for future research.
Summary
In Chapter 2 and 3, I investigated the neuro-development of automatic emotion 
tendencies with respect to pubertal maturation. Chapter 2 deals with the tran-
sition from subcortical to prefrontal control during a critical transition period 
at Age 14. During this period, sexual maturation is completing in both sexes, but 
behavioral, emotional, and cerebral development can still widely differ among 
individuals (Crone et al., 2008; Giedd et al., 1999; Monahan & Steinberg, 2011). 
I found that pubertal maturation, indexed by testosterone levels, shifted the 
neural control of emotional actions from sub-cortical regions to the aPFC. 
Fourteen-year-old adolescents with more advanced pubertal maturation showed 
greater aPFC activity when controlling their emotional action tendencies, repro-
ducing the same pattern previously observed in adults (Radke, Volman, Mehta, van 
Son, et al., 2015; Volman, Roelofs, et al., 2011; Volman, Toni, et al., 2011; Volman et 
al., 2013). In contrast, adolescents with less advanced pubertal maturation showed 
greater pulvinar and amygdala activity when exerting the same amount of control. 
These findings qualify how, in the domain of social-emotional actions, executive con-
trol shifts from subcortical to prefrontal structures during pubertal development.
I built on the findings reported in Chapter 2 to investigate the tran-
sition to adult-like prefrontal control by late adolescence in Chapter 3. I fo-
cused my investigation of the aPFC-amygdala circuit development on the 
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organizational-activational hypothesis of testosterone and translated this model 
to human neuro-behavioral maturation of social-emotional actions. In line with 
predictions from animal models, I found that the effect of testosterone, as a driving 
agent of aPFC engagement, decreased in late adolescence (Age 17). While higher 
testosterone levels were still related to increased aPFC activity, this involvement 
was significantly lessened compared to Age 14. In addition, this change in testos-
terone function was accompanied by a reduction in amygdala reactivity during 
emotion control. Accordingly, and in line with faster pubertal maturation in girls, 
a pattern of negative aPFC-amygdala connectivity was observed for this sex – a 
hallmark of adult-like circuitry found in previous studies (Volman, Roelofs, et al., 
2011; Volman et al., 2013). In fact, similarly to adults, the aPFC of 17-year-olds (of 
both sexes) was also activated during control of social-emotional actions inde-
pendently from pubertal testosterone effects. These findings point to a decrease 
in testosterone’s role as a neurodevelopmental pubertal hormone and qualify the 
testosterone-dependent maturation of the prefrontal-amygdala circuit supporting 
emotion control.
In Chapter 4, I tested the contribution of early childhood and current stress 
factors on adolescent neural maturation between mid- and late puberty, differen-
tiating between personal and social stress. Timing (early or current) and stressor 
type (personal or social) were related to differential GMV changes. Namely, mat-
urational decrease in GMV over the aPFC, amygdala, putamen and insula was 
stronger in those adolescents that experienced more negative personal life events 
during early childhood. In contrast, the maturational decrease in GMV over the 
anterior cingulate cortex, the parahippocampal gyrus, and the prefrontal cortex 
was smaller in those adolescents who experienced more ongoing social stress. 
These findings suggest that early-life stress accelerates pubertal development, 
whereas an adverse adolescent social environment disturbs brain maturation. 
Although early maturation may be the outcome of an adaptive mechanism at a 
time of heightened stress, it might also prematurely fixate the brain, depriving 
it from the plasticity usually afforded by adolescence (Callaghan & Tottenham, 
2016). Consequently, an aberrant neural-maturational trajectory may lead to later 
costs for mental and physical health (Belsky & Shalev, 2016). In fact, stress-related 
modulations of the developmental trajectory of the anterior cingulate cortex were 
already behaviorally relevant in this sample — accounting for a significant portion 
of variance in the adolescents’ antisocial traits.
The aim of Chapter 5 was to investigate whether alterations in early-life 
freezing responses predicted changes in the relative development of internalizing 
symptoms. We found that deviations in infant freezing — both longer and absent 
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freezing — were associated with relative increases in self-reported internalizing 
symptoms during adolescence. Specifically, the lack of freezing responses during 
infancy predicted a relative increase in symptoms across development — from 
relatively low levels in childhood to relatively high levels in late adolescence. 
Longer freezing also predicted a relative increase in internalizing symptoms, but 
only until early adolescence. This pattern was moderated by peer stress and was 
followed by a later decrease in internalizing symptoms. These findings suggest 
that early deviations in defensive freezing responses can be a risk factor for the 
development of internalizing symptomology and may constitute potential markers 
for stress vulnerability and resilience.
Chapter 6 builds on the empirical knowledge acquired in previous chapters 
regarding the neuro-developmental shift in the regulation of automatic emotional 
actions and applies this to understanding the adolescent neural circuits related 
to threat-induced freezing and subsequent switch to action. In line with previous 
work in adults (Hashemi et al., 2019), increased bradycardia was present under 
threat of shock during the preparation phase of a shooting task paradigm, indica-
tive of a freezing response. This was accompanied by increased activity in threat 
evaluation and action preparation regions, including the thalamus, caudate and 
insula. In contrast to adults, and in accordance with increased involvement of the 
amygdala during emotional action control in adolescents (Chapter 2 and 3), there 
was increased anticipatory threat-related activity in this region. The strength 
of this effect was related to individual differences in antisocial behavior — with 
higher levels of callous unemotional traits corresponding to stronger amygdala 
activation. Also in contrast to adults, PAG activity during the freezing interval was 
not high-threat specific and connectivity between the amygdala and PAG was neg-
ative (as opposed to positive). Most effects during the subsequent ‘switch to action’ 
phase reflected adult findings. Namely, high (versus low) threat was associated 
with increased pgACC activity and with more shooting reactions (even when shoot-
ing had to be withheld). Although the psychophysiological and behavioral effects 
found in adolescents were similar to those in adults, the neural profile showed 
some notable deviations from previously observed (adult) patterns. The find-
ings of this Chapter are important for pinpointing the emergence of an adult-like 
neuro-physiological profile of freeze during late adolescence whilst highlighting 




Three main models have been used in the literature to explain the neurobiologi-
cal basis of adolescent behavior (Casey, 2014). The dual-system model proposes 
orthogonal systems, where enhanced limbic reactivity during adolescence takes 
over the prefrontal control system (McClure et al., 2004; Steinberg et al., 2008). 
The triadic model of adolescent motivated behavior (Ernst, 2014; Ernst & Fudge, 
2009) posits a hormone-driven shift in favor of the reward-centered ventral 
striatum and a weakening of amygdala-driven avoidance and prefrontal control 
processes. Finally, the imbalance model (Casey et al., 2008) explains adolescent 
behavior as the result of the earlier maturation of the limbic system relative to 
less mature top-down prefrontal control areas. While all three models aim to ex-
plain adolescent behavior as a function of increased limbic-related activity, only 
the imbalance model proposes an integrated, circuit-based perspective on the 
neuro-development of adolescent emotional control (Casey, Galvan, & Somerville, 
2016). The findings presented in Chapter 2 and 3 provide further evidence for 
the maturational shifts that are emphasized within this framework.
Specifically, I extend previous studies showing similar developmental shifts 
from the basal ganglia and amygdala to the frontal cortex in relation to motor 
response inhibition (Rubia et al., 2000; Stevens et al., 2007), reward sensitivity 
(Braams et al., 2015; Forbes et al., 2010; Urošević et al., 2012), and perceptual pro-
cessing of emotional faces (Barbalat et al., 2013; Hare et al., 2008; Monk et al., 2003; 
Somerville et al., 2011; Vink et al., 2014). During adolescence, cognitive control 
enhances during emotional situations, which is accompanied by dynamic changes 
in prefrontal circuitry (Cohen et al., 2016; Silvers et al., 2016). The transition from 
less mature subcortical to more adult-like prefrontal control extends these find-
ings to cognitive control of automatic emotional actions (Chapter 2 and 3).
The findings presented in Chapter 2 highlight the role of the pulvinar- 
amygdala pathway in the control of emotional actions at a time when the aPFC 
is still developing (FIGURE 1). The pulvinar’s strong afferent and efferent connec-
tions with frontal, parietal, and temporal areas make it suitable for integrating 
and coordinating a broad range of goal-directed actions (Saalmann et al., 2012; 
Wilke, Turchi, Smith, Mishkin, & Leopold, 2010). The pulvinar connects the su-
perior colliculus with the amygdala (Morris et al., 1999; Tamietto et al., 2012) 
and facilitates fast emotional saliency detection and threat recognition (Nguyen 
et al., 2013; Padmala, Lim, & Pessoa, 2010; Ward, Calder, Parker, & Arend, 2007; 
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Ward, Danziger, & Bamford, 2005). Therefore, anatomical and neurophysiological 
properties of the pulvinar point to its contribution to emotional action control 
(Barron et al., 2015).
In the current study, I found that when amygdala-pulvinar connectivity was 
stronger during emotional control, more mature adolescents made more errors. 
This observation tentatively suggests that amygdala-pulvinar connectivity may 
interfere with emotional control once that function is supported by the aPFC. In 
fact, cognitive control impairment across adolescence and adulthood has been re-
lated to more subcortical-subcortical over subcortical-cortical connectivity (Heller 
et al., 2016). On the other hand, I found that 14-year-old adolescents had matched 
performance in exerting emotional control, irrespective of pubertal maturation, 
aPFC or amygdala–pulvinar circuitry involvement. This observation suggests 
that during mid-adolescence, both prefrontal and amygdala–pulvinar circuits 
support emotional control equally well, at least within the rather mild emotional 
control demands evoked by the AA task. The amygdala-pulvinar pathway has 
been suggested to be functional by late childhood or early adolescence (Killgore & 
Yurgelun-Todd, 2010), while others have posited the presence of this circuit, or a 
precursor of it, as early as infancy (Johnson, 2005). The current study extends these 
findings to adolescent development and places the amygdala-pulvinar pathway as a 
precursor of the mature aPFC emotion control system at a time when frontal–striatal– 
thalamic coupling has yet to be completed (Barbalat et al., 2013; Stevens et al., 2007).
In adults, control of emotional action tendencies is dependent on the aPFC, 
which down-regulates amygdala-driven reactivity (Volman, Roelofs, et al., 2011; 
Volman et al., 2013). The results of Chapter 3 demonstrate a reduction in amygdala 
responsiveness between Ages 14 and 17 in support of a general decrease in amyg-
dala bottom-up interference in emotion control (Hare et al., 2005). Additionally, 
negative aPFC-amygdala coupling at Age 17 is suggestive of aPFC inhibition and is 
in line with the imbalance framework (Casey et al., 2016; Somerville et al., 2010; 
2011). The change in aPFC-amygdala coupling is present only in more mature 
17-year-old girls, in accordance with the tendency for faster pubertal maturation 
and earlier stabilization of testosterone levels in girls than boys (Braams et al., 
2015; Shirtcliff et al., 2009).
The findings presented in Chapter 2 and 3 qualify the testosterone- 
dependent maturation of the aPFC-amygdala circuit supporting emotional con-
trol by translating animal work on the organizational-activational hypothesis. 
According to this hypothesis, testosterone during adolescence shifts from a 
develop mental agent of neural organization to a hormone transiently activating 
socio-sexual behavioral and neural responses (Schulz et al., 2009b). Rapid changes 
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in testosterone levels during the first half of adolescence drive and organize neural 
development by modulating cell proliferation, cell death, and synaptic connec-
tivity (Nguyen et al., 2013; Schulz et al., 2009b; Sisk & Zehr, 2005; Zehr et al., 
2006). This effect declines by late adolescence, when testosterone activates spe-
cific socio-sexual behaviors. First, in Chapter 2, I show that the involvement of 
the aPFC-amygdala circuit, responsible for controlling social-emotional actions, 
is related to maturation through pubertal testosterone. Further support for the 
organizational-activational hypothesis comes from Chapter 3, showing that in 
humans the effect of pubertal testosterone on aPFC emotion control decreases 
between mid and late adolescence. This change is also supported by the emer-
gence of prefrontal control independent of testosterone levels. Taken together, 
the results of Chapter 2 and 3 support the notion of testosterone-organizational 
effects in the human prefrontal cortex and amygdala, and extend the changing role 
of testosterone in the emergence of adult-specific prefrontal control of emotions 
(Nguyen, McCracken, et al., 2016; Sisk, 2016).
The emergence of aPFC control, independent of pubertal maturation ef-
fects, places late adolescence as a pivotal point in the development of mature 
emotional regulation processes. In fact, a fifth of inter-individual variation in 
adult social-emotional control abilities has recently been shown to depend on the 
strength of structural connectivity between the aPFC and amygdala (Bramson 
et al., 2019). The aPFC has also been suggested to coordinate dis-inhibition and 
enhancement processes in action selection circuits (parietal-frontal) in favor of 
rule-driven actions vs. automatic emotional tendencies (Bramson, Jensen, Toni, & 
Roelofs, 2018). In fact, it has been suggested to be an area specific to humans, with 
no clear homologue in macaques (Neubert et al., 2014). As such, it is not surprising 
that the mature aPFC may have a multifaceted role beyond control of emotional 
actions and regulation of emotions – as a domain-general center for monitoring 
alternative options (Koch, Mars, Toni, & Roelofs, 2018).
The dynamic maturational processes taking place during adoles-
cence paired with enhanced hormonal stress sensitivity, make the prefrontal- 
amygdala circuit particularly susceptible to the effects of stress (Lupien et al., 
2009; McCormick et al., 2010; Romeo, 2017). The results of Chapter 4 provide 
empirical evidence that, in typically developing children, even moderate early-life 
stress can incubate long-lasting effects. This leads to increased neural pruning 
during puberty, particularly within the prefrontal-amygdala circuit (Chapter 2 
and 3). These findings are in line with the stress acceleration hypothesis (Belsky 
& Shalev, 2016; Callaghan & Tottenham, 2016) stating that early-life stress leads 
to faster pubertal brain maturation, possibly as a consequence of accelerated 
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synaptic pruning (Giedd et al., 2006; Tamnes et al., 2017). The latter may be due 
to an evolutionary prioritization of adult-like functioning. For example, rodent 
models have shown that early-life stressors alter the regulation of glucocorti-
coids and hypothalamic corticotropin-releasing factor (CRF), leading to long-term 
hypothalamic-pituitary-adrenal axis disturbances (Rincon-Cortes & Sullivan, 
2014). There is also growing cross-species evidence that early-life stress may pre-
maturely activate structures of the emotion regulation circuit, fixating the brain 
into an adult-like configuration (Callaghan, Gee, et al., 2019; Cowan, Stylianakis, & 
Richardson, 2019; Gee et al., 2013). While early maturation may be the outcome of 
an adaptive mechanism at a time of heightened stress, it might also hinder the de-
velopmental plasticity typically afforded by adolescence (Callaghan & Tottenham, 
2016). This in turn may impose later costs for mental and physical health (Belsky 
& Shalev, 2016). In fact, a recent large-scale study showed that particularly 
threat-related events (e.g., violence) experienced early in life were associated with 
accelerated biological aging (DNA methylation) during adolescence. This in turn 
was linked to the development of depressive symptoms (Sumner, Colich, Uddin, 
Armstrong, & McLaughlin, 2019).
The current findings qualify how pubertal neural plasticity depends on a 
combination of type and timing of the stressors experienced. Negative personal 
early-life events were associated with larger reductions in subcortical and prefron-
tal GMV, in line with findings from sub-clinical cohorts of adolescents dealing with 
severe traumatic events (Edmiston et al., 2011; Hanson et al., 2015; Hodel et al., 
2015; Teicher et al., 2012). On the other hand, negative peer environment lead to 
both increased hippocampal GMV as well as a lack of GMV reduction in anterior cin-
gulate cortex and prefrontal cortex. This suggests that stress during adolescence 
may delay or disrupt the physiological reduction of GMV previously reported in 
cortical structures (Giedd et al., 2006; Sowell et al., 2002). Importantly, the effects 
of early-life and current stress were functionally and spatially distinct following 
the idea that individual sensitivity periods across development exist for different 
brain areas (Lupien et al., 2009; Teicher et al., 2016). The findings of Chapter 4 
extend these findings by showing that even in a healthy sample of adolescents, 
both early as well as later stressors, can bias neurodevelopmental trajectories.
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FIGURE 1. Neural circuits of control. Two key circuits are presented: 1) the pulvinar-amygdala/ 
aPFC-amygdala circuit for control of automatic emotion action tendencies (red) and 2) the 
PAG-amygdala-ACC circuit facilitating the switch from threat-induced freezing to action (blue).
Threat-Induced Freezing
Freezing is supported by the parasympathetic branch of the autonomic nervous 
system, which provides a temporary break on the motor system and a reduction in 
heart rate (Fanselow, 1994; Schenberg et al., 1993). It has been shown to promote a 
selection of adequate coping reactions by facilitating perception, risk assessment, 
and action preparation (Blanchard, 2017; Kozlowska et al., 2015; Roelofs, 2017). 
Freezing is part of a cascade of automatic defense reactions to threat, together with 
(fight) and avoidance (flight) responses (Fanselow & Lester, 1988; Lang, Bradley, 
& Cuthbert, 1997). Previous work has shown that the PAG-amygdala-mPFC circuit 
is critical in facilitating the neural switch from passive to active defense reactions 
(Gozzi et al., 2010; Hashemi et al., 2019; Tovote et al., 2015) (FIGURE 1). Chapter 6 
builds on the empirical knowledge gained in Chapters 2 and 3 regarding a matu-
rational shift in subcortical-prefrontal circuitry that underlies the regulation of 
automatic approach-avoidance actions. In this Chapter, this knowledge is applied to 
investigating the neural circuits supporting freeze and the subsequent transition 
to action during adolescence.
Many of the neural, behavioral, and physiological patterns founds in 17-year-
old adolescents were similar to those reported in adults (Gladwin et al., 2016; 
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Hashemi et al., 2019). Threat of shock was related to increased bradycardia during 
the anticipation phase, pointing to a freezing response. This coincided with in-
creased activity in threat evaluation and action preparation regions, such as the 
thalamus, caudate and insula. During the subsequent ‘switch to action’ phase, high 
(versus low) threat was associated with increased pgACC activity, consistent with 
adult work (Hashemi et al., 2019).
While the psychophysiological effects appear to be similar to those seen in 
adults, there were particular deviations observed in the neural profile of adoles-
cents. Most notably, adolescents did not exhibit threat-specific PAG activity during 
the anticipation phase, as well as no PAG and amygdala activity during the switch 
to action. This may fit with studies in adolescent mice that show a non-linear 
pattern in amygdala-dependent fear reactions, with blunted responses appearing 
in adolescents (Pattwell, Lee, & Casey, 2013). Immature mPFC-limbic circuitry in 
adolescent mice has also been related to less freeze reactions as a result of lower 
threat-related output of the central nucleus of the amygdala (Pattwell, Bath, Casey, 
Ninan, & Lee, 2011; Pattwell et al., 2013). It is therefore possible that the altered 
neural profile seen at Age 17 is indicative of similar developmental effects. As the 
results of Chapter 2 and 3 have shown, during adolescence there is a general de-
velopmental shift towards increased prefrontal control over subcortical regions 
during automatic emotion control. For defensive reactions, a similar transition has 
been shown in rodents with respect to the mPFC for regulation of PAG-mediated 
freeze responses (Chan et al., 2011). Hence, it is likely that this transition may also 
involve the pgACC, which has been proposed to enable fast switching between dif-
ferent automatic states and is critical in salience evaluation in humans (Hashemi 
et al., 2019).
Psychopathology
Given that the onset of affective disorders peaks during adolescence (Kessler et 
al., 2007), it is important to consider the behavioral relevance of neural matura-
tional changes during this developmental period. In this thesis, I focused on two 
types of symptomology that are considered risk factors for the development of 
psychopathology later in life, namely callous unemotional traits and internalizing 
symptoms (Fareri & Tottenham, 2016; Forbes, Tackett, Markon, & Krueger, 2016; 
Frick & White, 2008).
Callousness, such as lack of empathy, disregard for others, and shallow 
affect, is regarded as an index of juvenile psychopathy (Essau, Sasagawa, & Frick, 
2006; Frick & White, 2008). Previous cross-sectional studies in children and 
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adolescents have reported an increase in prefrontal GMV relation to conduct 
problems and callous unemotional traits (De Brito et al., 2009; Fairchild et al., 
2013). The findings in Chapter 4 confirm this observation on a longitudinal scale, 
showing that the effects of current social stress on anterior cingulate matura-
tion might influence the emergence of adolescents’ antisocial traits. Similarly, a 
meta-analysis in adults identified increased cingulate gyrus volume as a neural 
correlate of antisocial behavior (Aoki et al., 2014). The anterior cingulate gyrus is 
involved in the control of cognitive and emotional behavior and through its links 
to the amygdala, involved in affective processing and empathy (Bush et al., 2000; 
Etkin et al., 2011). The delayed or disrupted structural maturation of this region 
may therefore partially explain deficiencies in social behavior, especially empathy, 
observed in those participants with callous unemotional traits.
Further evidence for the link between adolescent neural profiles and psy-
chopathology is found in Chapter 6 where increased threat-induced amygdala 
activity during action preparation was associated with higher callous unemotional 
traits. This finding is not in line with studies showing threat-related amygdala 
hypo-reactivity for fearful faces (Sebastian et al., 2014; Viding et al., 2012) and 
during fear conditioning in callous-unemotional adolescents (Cohn et al., 2013). 
Others, however, have not found evidence for this (Dotterer et al., 2017). In fact, the 
amygdala may have a multifaceted role, as disorganized dynamics in its circuitry 
and differential effects for the baso-lateral and central nucleus of the amygdala 
have recently been reported in callous-unemotional juveniles (Aghajani et al., 
2017). Finally, given the decrease in amygdala reactivity during action control 
reported in Chapter 3, these findings suggest an absence of the expected decrease 
in the amygdala’s role in emotion action preparation. Taken together, the findings 
reported in Chapter 3 and 6 suggest that disruptions or delays in the functional or 
structural maturation of neural circuits underlying control of emotional actions 
may pose a risk for the development of psychopathy later in life.
Finally, there was no relation between internalizing symptoms and ear-
ly-life induced structural changes reported in Chapter 4, while other studies have 
related GMV changes in the prefrontal cortex, ACC and amygdala to internalizing 
problems (Burghy et al., 2012; Fareri & Tottenham, 2016; Herringa et al., 2013). 
There could be two potential reasons for this. First, in this study developmental 
trajectories were assessed over time, in contrast to generally reported end-point 
group difference measures. Second, the cohort that was tested consisted of a rela-
tively healthy sample of individuals, the majority of whom did not have sub-clinical 
levels of internalizing symptoms. It may therefore not have been possible to detect 
more subtle differences in internalizing levels with respect to neural effects.
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While previously discussed Chapters investigated the relationship be-
tween neural indices and symptom occurrence, the results of Chapter 5 point to 
early-life alternations in freezing behavior as a predictor of internalizing symptom 
development across adolescence. Whereas previous work indicated that freezing 
in low-risk contexts predicts hyper-stress responding, which is a potential risk 
for internalizing symptoms (Buss & McDoniel, 2016), the current study extended 
these findings to show that threat-induced freezing is also relevant for the devel-
opment of internalizing symptoms. Perhaps more importantly, not only increased, 
but also absent freezing predicted internalizing symptoms — with a differential 
trajectory depending on age.
The reduced ability to recover from an initial freezing response can be a 
potential sign of maladaptive stress coping by reducing an individuals’ flexibility 
to adequately respond to environmental changes during threat (Buss & Larson, 
2012; Hagenaars, Oitzl, et al., 2014; Niermann et al., 2017). The finding of increas-
ing internalizing symptoms in individuals with higher infant freezing is consistent 
with this notion, as well as with previous studies linking prolonged freezing to 
increased internalizing symptoms (Kozlowska et al., 2015; Niermann et al., 2017). 
A high quality of peer relationships may act as a buffer, preventing the negative 
consequences of longer infant freezing (Deater-Deckard, 2001). Indeed, in this 
sample only individuals showing both longer infant freezing and high peer stress 
demonstrated a relative increase in self-reported internalizing symptoms, and did 
so only during early adolescence. The fact that internalizing symptoms proceeded 
to decrease for this group goes against other cross-sectional studies that showed 
an increased risk in inhibited children for developing internalizing disorders at 
various ages (for meta analysis see: Clauss & Blackford, 2012). However, given that 
these are cross-sectional findings, it is difficult to directly compare them to the 
longitudinal intrapersonal changes reported here.
Finally, it is important to consider that freezing is evolutionarily intended 
as an adaptive response, facilitating perception, decision-making, and action 
preparation in threatening situations (Blanchard, 2017; Kozlowska et al., 2015; 
Roelofs, 2017). The fact that individuals showing no infant freezing (in other 
words, lacking the appropriate response to threat) also had increasing interna 
lizing symptoms across development, strengthens this notion. This finding is also 
in agreement with neurochemical theories suggesting that a decrease in inhibi-
tion in an aversive context may be an underlying mechanism contributing to the 
development of affective disorders (Dayan & Huys, 2009).
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Considerations and Future Directions
There are several limitations of the research described in this thesis that should 
be taken into consideration with respect to the generalizability of the presented 
results and direction of future studies. Below, I outline these issues and suggest a 
research agenda for the coming years.
First, it can be argued that the reliability of the inferences made is limited by 
the moderate sample size of some of the studies included in this thesis (Chapter 2, 
n = 47; Chapter 3, n = 41; Chapter 4, n = 37). However, this limitation on sensitivity 
should be weighed against the specificity afforded by the accurate characterization 
of the developmental profile of each participant from birth until 17 years of age 
(for example in contrast to retrospective reports). A major challenge in adolescent 
research is the ability to distinguish between developmental effects related to 
chronological age and pubertal maturation, as these are not aligned during this 
time. In the series of studies presented in this thesis, I was able to disentangle 
these effects by testing a cohort of same-aged individuals. Finally, the moderate 
sample size should be weighted against the repeated measurements that were con-
ducted (Chapter 3 and 4), allowing the possibility to track not only inter-, but also 
intra-individual differences in the participants neuro-developmental trajectories. 
In fact, for testing general task effects in a repeated measures design, the sample 
size can be considered adequate. It may, however, be low for relating functional 
or structural MRI measures to individual differences. Particularly these effects 
should be replicated in future studies.
Recent work has suggested that, within the domain of social development, 
the effects of testosterone on neural function may be unique relative to pubertal 
development stages (Vijayakumar, Pfeifer, Flournoy, Hernandez, & Dapretto, 2019). 
The study by Vijayakumar et al. (2019) showed a quadratic relationship for testos-
terone effects in the amygdala for female adolescents (aged 9-18) who viewed emo-
tional faces. This finding is in line with the organizational-activational hypothesis 
presented in Chapter 3, if we were to presume that it was the more mature (and 
older) individuals that had high testosterone levels. In adults, testosterone is asso-
ciated with dominance and aggressive behavior (Heany et al., 2015; Montoya et al., 
2012). In line with this notion, adults with high testosterone levels rely less on the 
aPFC and have reduced aPFC-amygdala coupling during emotion control (Volman, 
Toni, et al., 2011). We can speculate that the findings reported by Vijayakumar 
et al. (2019) would in turn suggest that the increase in amygdala reactivity for 
these high-testosterone females might have already been related to the activa-
tional effects of testosterone. However, while these findings highlight the unique 
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contribution of gonadal hormones to prefrontal-amygdala circuit maturation, I 
assume that, at least within the confines of emotional control, the activational 
effects of testosterone on aPFC control are yet to emerge in adulthood (Chapter 3).
The shift from subcortical to prefrontal control and the emergence of adult-
like aPFC-amygdala regulation, was not coupled with differences in behavior. This 
is likely due to the fact that the AA task used in these studies was designed to evoke 
a mild social challenge that, in a healthy cohort, does not lead to behavioral differ-
ences. However, a broad extension to adolescent behavior in emotionally arousing 
situations remains speculative and could be addressed with experiments where 
the social-emotional challenge is not mild, such as the zooming version of the AA 
task (Heuer et al., 2007; Rinck & Becker, 2007). The zooming effect provides addi-
tional salience to the stimuli by enlarging (approach) or minimizing (avoid) them. 
Therefore, this feature makes it more sensitive in capturing failures in emotion 
action control in various psychopathologies (Roelofs, Putman, et al., 2010; Roelofs, 
van Peer, et al., 2009; von Borries et al., 2012).
This thesis provides a number of observations that open the way to relevant 
new questions on the maturation of emotion control across adolescence and its 
transition into adulthood. Below I outline a number of future directions for this 
type of research.
An obvious point of future investigation concerns a more precise qualifi-
cation of how testosterone function changes and how this change affects neural 
development (FIGURE 2). Despite the fact that current studies have shown that the or-
ganizing effects of testosterone decrease by late adolescence, the question remains 
how testosterone transitions into a hormone transiently activating social approach 
behavior in adulthood. Based on animal models, we can hypothesize that this change 
should occur by the end of adolescence or the start of young adulthood (Sisk, 2016). 
In order to map individual trajectories of this transition, participants of the Nijmegen 
Longitudinal Study should undergo a repeated (3rd) measurement at Age 20 when 
activational effects should be present. Within the framework of the organization-ac-
tivational hypothesis, recent work in a rodent model has suggested that both fe-
males and males reach similar approach-avoidance phenotypes, albeit via different 
mechanisms, mediated by gonadal hormones (Delevich, Piekarski, & Wilbrecht, 
2019). It is therefore important to consider sex differences not only at Age 20, but 
also with respect to the trajectory of change. Lastly, an investigation at this time-
point can test the assumption that 17-year-old boys will have caught up with girls 
in this cohort — with respect to the neural circuitry underlying emotional control.
Next, this time looking backwards through development, it is import-
ant to qualify the development of the amygdala-pulvinar circuit at the onset of 
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adolescence (FIGURE 2). Based on suggestions from prior research that this pathway 
is already in place during childhood (Killgore & Yurgelun-Todd, 2010), it should 
be tested whether adolescents at the onset of puberty (10-12 years old) are in 
fact using the amygdala-pulvinar pathway during control of emotional actions. 
Specifically, such an investigation would allow us to 1) replicate the finding that 
the amygdala-pulvinar circuit has a role in emotional control during a time when 
the adult-like prefrontal circuit has not yet fully matured, 2) test the involvement 
of this circuit with respect to pubertal maturation, and 3) investigate whether 





FIGURE 2. Model of emotion control circuit development during adolescence and into young adult-
hood. During early adolescence, the pulvinar-amygdala pathway is proposed as the precursor to the 
maturing aPFC-amygdala circuit. Across adolescence there is a shift from subcortical to prefrontal 
control. By late adolescence the organizational effects of testosterone on the prefrontal cortex de-
cline while activational effects start to emerge. In adulthood, the role of testosterone transitions into 
a hormone transiently activating social actions. The grey bar indicates the effect of stress on neural 
maturation. The shaded areas represent testosterone sensitivity with respect to its organizational 
(yellow) or activational effects (green).
Within the scope of these investigations, it is also important to consider 
that the developmental role of the amygdala may not be uniform. For example, the 
centromedial amygdala shows connectivity patterns with subcortical regions, 
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including the pulvinar, whereas the lateral basal amygdala shows connectivity 
patterns with prefrontal areas (Bzdok et al., 2013; Roy et al., 2009). These subdi-
visions of the amygdala may undergo distinct circuit changes during adolescence. 
This is particularly relevant for understanding adolescent development in light of 
existing rodent and primate work showing that the central nucleus of the amygdala 
is critically involved in organizing defensive responses to a wide range of threats 
and underlies fear and anxiety (Fox & Shackman, 2019).
Specifically focusing on the neural circuitry underpinning freezing re-
sponses, it remains to be tested how it matures throughout adolescence. The 
cross-sectional assessment at Age 17 did not allow us to disentangle developmental 
effects from potential cohort or paradigm nuances. A longitudinal assessment is 
therefore necessary to trace the involvement of the PAG-amygdala-mPFC circuit 
in human adolescent development.
As suggested by (Casey, 2014), the field of developmental neuroscience 
should move toward creating circuit or network-based accounts of adolescent be-
havior instead of focusing on given models. Building on this example, future stud-
ies should investigate the neural circuitry underlying anticipatory freezing and 
approach-avoidance behavior within one paradigm (FIGURE 1). This would enable 
capturing both the threat-anticipatory decision phase and the subsequent switch 
to cue-driven approach-avoidance decisions. For example, a previous behavioral 
study showed the relation between increased freezing responses and avoidance 
reactions for angry faces (Ly et al., 2014). In a similar fMRI-version of the task, 
(Piray, Ly, Roelofs, Cools, & Toni, 2019) demonstrated that socially anxious individ-
uals do not have an optimal learning rate on trials preceded with an angry face and 
have disrupted dorsal ACC activity. Investigating freezing and approach-avoidance 
responses in a joint manner would provide a more comprehensive view on the 
neural development of crucial circuitry underlying emotion action control.
The dynamic changes that take place during adolescence occur on both the 
structural and functional levels of the brain. The next step is therefore to combine 
these levels in order to formulate integrated trajectories that will be able to cap-
ture maturational changes in a more comprehensive way. In these analysis models, 
it is then important to include potential markers that may be related to the devel-
opment of symptomology or to altered neural trajectories during adolescence, such 
as early-life stress or freezing responses. Finally, alterations in these developmen-
tal trajectories can be related to the development of psychopathology later in life.
One new avenue of research that should be integrated in future investiga-
tions is the role of gut microbiota in adolescent neuro-developmental trajectories. 
Gut microbiota is known to influence the brain’s physiological, behavioral, and 
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cognitive functions through bidirectional routes of communication (Wang & Wang, 
2016). Many environmental stressors, particularly those known to affect ado-
lescents, also alter the composition of intestinal microbiota (Neufeld, Luczynski, 
Oriach, Dinan, & Cryan, 2016). It has therefore been suggested that adolescence is 
not only a sensitivity period for alternations in microbiome development, but also 
a time when the microbiome may drive behavioral and neurobiological changes 
(Flannery, Callaghan, Sharpton, Fisher, & Pfeifer, 2019). Perhaps of particular rel-
evance for the work presented in this thesis (regarding testosterone-modulated 
neural shifts in the emotion circuit), is the preliminary evidence that microbiota and 
gonadal hormones may bidirectionally modulate each other (Markle et al., 2013).
Recent work has proposed that microbiome–brain associations may be 
a biomarker of adversity exposure. A recent proof-of-principle study in adoles-
cents demonstrated that adversity-associated (Lachnospiraceae) bacteria were 
correlated with emotion networks in the brain, including the prefrontal cortex, in 
response to emotional faces (Callaghan, Fields, et al., 2019). Additional evidence 
on the relationship between microbiota, stress, and the emotional circuit comes 
from observations that microbiota stabilizes and becomes more complex over the 
course of development – a maturational trajectory similar to that of the amygdala. 
Indeed, early-life vulnerability periods of microbiota and amygdala overlap with 
the typical age of onset of many psychiatric disorders (Cowan et al., 2018). The 
amygdala has therefore been identified as a potential hub for microbiota influence 
on neural functioning. In turn, microbiota has been deemed necessary for normal 
structural and functional development of the amygdala (Cowan et al., 2018). In 
fact, microbiota-aimed treatment may serve as a novel intervention avenue in 
light of rodent studies reporting that precocious pubertal and neural maturation 
in stressed infants is prevented by a non-invasive probiotic treatment (Cowan & 
Richardson, 2018; Cowan et al., 2019). Accordingly, it is important to integrate 




The research in this thesis extends current knowledge on the neuro-developmental 
mechanisms underlying emotion circuits. The findings show that the neural im-
balance between subcortical and prefrontal structures is also present for control 
of emotion action tendencies and that it is related to pubertal maturation. This 
shift continues into late adolescence in support of prefrontal-amygdala circuit 
maturation during adolescent development, concurrent with a decrease in the 
organizational effects of testosterone in the aPFC. In addition to maturational 
effects, this research points to the vulnerability of prefrontal-amygdala circuit 
maturation due to early-life stress. Finally, I propose that similar mechanisms 
also underlie neural threat-induced freezing circuits and highlight the potential of 
this response as an early-life marker for adolescent development of internalizing 
symptoms. Taken together, the mechanisms described in this thesis serve as a 
basis for testing whether altered neuro-endocrine trajectories are mechanistically 
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Denk terug aan toen je 14 jaar oud was. Je eindtoetsen kwamen in zicht, net als 
verschillende eindejaarsfeestjes. Misschien hadden de feestjes meer aantrekking-
skracht dan het vooruitzicht om te moeten studeren voor de toetsen. Om je toetsen 
echter te halen, moest je de neiging om naar de feestjes te gaan onderdrukken 
en thuisblijven. Als tiener is deze neiging bijzonder moeilijk te weerstaan. Zoals 
bovenstaand voorbeeld illustreert, wordt het gedrag van adolescenten gekenmerkt 
door een sterkere emotionele gevoeligheid, risicovol gedrag en impulsiviteit – met 
andere woorden, een afname in emotionele controle. De adolescentie is een cru-
ciaal ontwikkelingsstadium dat wordt gekenmerkt door dynamische veranderin-
gen op neuraal, endocrien, gedragsmatig en psychologisch gebied. Dit stadium mar-
keert een cruciale overgangsfase gekenmerkt door dynamische reorganisatie in de 
functie en structuur van hersencircuits die betrokken zijn bij emotionele controle, 
met name in de prefrontale hersenen. Het onderzoek gepresenteerd in deze these, 
probeert een antwoord te vinden op de vraag hoe hersengebieden die belangrijk 
zijn voor emotieregulatie zich ontwikkelen op functioneel en structureel niveau, 
met een speciale focus op het anterieure prefrontale cortex (aPFC)-amygdala cir-
cuit. Cruciaal voor deze vraag was hoe de adolescentie (in kaart gebracht aan 
de hand van testosteronniveaus) en stress invloed hebben op ontwikkelingstra-
jecten in de midden- tot late adolescentie. Vervolgens werd de opgedane empirische 
kennis over subcorticale-prefrontale verschuivingen in het emotionele controle 
circuit gebruikt om de neurale substraten van de ‘freeze’ (verstijving) reactie bij 
adolescenten te verklaren. Tenslotte, werd ‘freezing’ in de eerste levensfase getest 
als een aanwijzing voor de ontwikkeling van internaliserende symptomen. De 
ontwikkeling van deze processen werd longitudinaal bestudeerd in een cohort 
van adolescenten met dezelfde leeftijd. Deze aanpak maakte het mogelijk om ef-
fecten binnen proefpersonen te onderscheiden van veranderingen in de algemene 
ontwikkeling en leeftijd.
In hoofdstuk 2 en 3 heb ik de neurale ontwikkeling van automatische emo-
tionele tendensen onderzocht in relatie tot de ontwikkeling tijdens de puberteit. 
Hoofdstuk 2 behandelt de overgang van subcorticale naar prefrontale controle 
gedurende een cruciale overgangsperiode rond het 14e levensjaar. Tijdens deze 
periode wordt de seksuele ontwikkeling voltooid voor beide geslachten, maar de 
gedragsmatige, emotionele en hersenontwikkeling kunnen nog sterk variëren per 
individu. Ik heb ontdekt dat de puberale ontwikkeling, gemeten aan de hand van 
testosteronniveaus, de neurale controle van emotionele acties verschuift van sub-
corticale gebieden naar de aPFC. Veertienjarige adolescenten in een later stadium 
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van de pubertijd lieten sterkere aPFC activiteit zien wanneer zij controle moesten 
uitoefenen over hun emotionele actie-tendensen, in een patroon dat identiek is aan 
wat eerder bij volwassenen is aangetoond. In tegenstelling tot adolescenten in een 
laat ontwikkelingsstadium, lieten adolescenten in een minder gevorderd puberaal 
ontwikkelingsstadium sterkere pulvinare en amygdala activiteit zien wanneer ze 
dezelfde mate van controle uitoefenden. Deze bevindingen laten zien hoe executi-
eve controle zich binnen het domein van sociaal-emotionele acties verplaatst van 
subcorticale naar prefrontale structuren gedurende ontwikkeling in de puberteit.
Ik bouw voort op de gerapporteerde bevindingen uit hoofdstuk 2 om 
de transitie naar volwassen prefrontale controle tijdens de late adolescentie 
te onderzoeken in hoofdstuk 3. Ik heb mijn onderzoek met betrekking tot de 
ontwikkeling van het aPFC-amygdala circuit gericht op de testosteron ‘organisatie- 
activatie’ hypothese. Dit model heb ik vertaald naar de menselijke ontwikkeling van 
sociaal-emotionele acties op neuraal en gedragsgebied. Overeenkomstig met voor-
spellingen van diermodellen, heb ik ontdekt dat het effect van testosteron, als 
drijvende kracht achter betrokkenheid van de aPFC, afneemt in de late adolescentie 
(17e levensjaar). Hoewel hogere testosteronniveaus nog steeds gerelateerd waren 
aan sterkere aPFC activiteit, was dit verband significant minder sterk vergeleken 
met het 14e levensjaar. Deze verandering in de functie van testosteron ging daar-
naast gepaard met een vermindering van amygdala reactiviteit gedurende emotie-
controle. Hiermee overeenkomstig en in lijn met de snellere puberale ontwikkeling 
van meisjes, werd bij meisjes tevens een patroon van negatieve aPFC-amygdala 
connectiviteit geobserveerd – een belangrijk kenmerk van volwassen circuits 
wat in eerdere studies werd gevonden. Vergelijkbaar met volwassenen, was de 
aPFC van 17-jarigen (van beide geslachten) ook geactiveerd tijdens controle van 
sociaal-emotionele acties, onafhankelijk van puberale testosteroneffecten. Deze 
bevindingen wijzen op een afname van de rol van testosteron als een neuraal ontwik-
kelingshormoon tijdens de pubertijd. Dit onderstreept de testosteron-afhankelijke 
ontwikkeling van het prefrontale-amygdala circuit wat emotiecontrole ondersteunt.
In hoofdstuk 4 heb ik de invloed van stressoren in de vroege kindertijd 
en van actuele stressoren op de neurale ontwikkeling tijdens de midden- en late 
puberteit onderzocht. Hierbij werd onderscheid gemaakt tussen persoonlijke en 
sociale stress. Het tijdstip (kindertijd of actueel) en type stressor (persoonlijk of 
sociaal) werden gerelateerd aan veranderingen in het grijze stof-volume (grey 
matter volume; GMV). Afname in de grijze stof van de aPFC, amygdala, putamen 
en insula tijdens de ontwikkeling was namelijk sterker in de adolescenten die meer 
negatieve persoonlijke gebeurtenissen hadden meegemaakt in hun vroege kinder-
tijd. In tegenstelling, de afname van grijze stof van de anterieure cingulate cortex, 
233APPENDICES
parahippocampale gyrus en de prefrontale cortex was minder in adolescenten die 
meer actuele sociale stress ervaarden. Deze bevindingen suggereren dat stress ti-
jdens de vroege kindertijd de puberale ontwikkeling versnelt, terwijl een nadelige 
sociale omgeving tijdens de adolescentie de ontwikkeling van het brein verstoort. 
Hoewel vroege rijping het gevolg zou kunnen zijn van een adaptief mechanisme in 
stressvolle tijden, zou het ook kunnen dat dit het brein prematuur fixeert, waar-
mee het de plasticiteit ontbeert die onder normale omstandigheden wel tijdens de 
adolescentie aanwezig is. Zodoende zou een afwijkend neuraal ontwikkelingstra-
ject tot latere, nadelige gevolgen voor de mentale en fysieke gezondheid kunnen 
leiden. Stress-gerelateerde veranderingen van het ontwikkelingstraject van de 
anterieure cingulate cortex waren inderdaad relevant wat betreft het gedrag in 
deze onderzoekspopulatie – een significant gedeelte van de variatie in antisociale 
karaktertrekken in de adolescenten werd hierdoor verklaard.
Het doel van hoofdstuk 5 was om te onderzoeken of veranderingen in 
‘freezing’ reacties in de vroege jeugd de ontwikkeling van internaliserende symp-
tomen voorspelden. We hebben ontdekt dat afwijkingen in ‘freezing’ van kinderen 
van 1.5 jaar – zowel langdurige ‘freezing’ of de afwezigheid van ‘freezing’ – gerela-
teerd waren aan een relatieve toename van zelf-gerapporteerde internaliserende 
symptomen gedurende de adolescentie. Het gebrek aan ‘freezing’ reacties tijdens 
de eerste levensjaren voorspelde een relatieve toename van symptomen tijdens 
de ontwikkeling – van relatief lage symptoomniveaus gedurende de kindertijd 
tot relatief hoge symptoomniveaus in de late adolescentie. Langere ‘freezing’ 
voorspelde ook een relatieve toename van internaliserende symptomen, maar 
alleen tot in de vroege adolescentie. Dit patroon werd gemodereerd door aan leeft-
ijdsgenoten-gerelateerde sociale stress en werd gevolgd door een latere afname 
van internaliserende symptomen. Deze bevindingen suggereren dat vroege af-
wijkingen in defensieve ‘freezing’ reacties een risicofactor kunnen vormen voor 
de ontwikkeling van internaliserende symptomen en een potentiële aanwijzing 
kunnen zijn voor stressgevoeligheid en weerbaarheid.
Hoofdstuk 6 bouwt voort op de empirische kennis opgedaan in de eerdere 
hoofdstukken betreffende de verschuiving in neurale ontwikkeling van de regu-
latie van automatische emotionele acties. Dit wordt toegepast op de begripsvorm-
ing van de neurale circuits van adolescenten (gerelateerd aan door bedreiging 
veroorzaakte ‘freezing’) en de daaropvolgende omschakeling naar actie. In lijn 
met eerder werk in volwassenen, was er gedurende de voorbereidingsfase van 
een schiettaak een toegenomen bradycardie bij dreiging van een schok, wat een 
indicatie is van een ‘freeze’ reactie. Dit ging gepaard met toegenomen activiteit in 
gebieden betrokken bij het inschatten van dreiging en actievoorbereiding, waar-
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onder de thalamus, caudate en insula. In tegenstelling tot volwassenen en in over-
eenstemming met de toegenomen amygdala-betrokkenheid tijdens emotionele 
actie controle in adolescenten (Hoofdstuk 2 en 3), was de voorbereidende activiteit 
in deze regio toegenomen. De sterkte van dit effect was gerelateerd aan individuele 
verschillen in antisociaal gedrag – waarbij hogere niveaus van ‘callous unemotional 
traits’ (trekken van kilheid en gemeenheid) samengingen met sterkere amygdala 
activatie. Anders dan bij volwassenen was peri-acqueductal grey (PAG) activiteit 
tijdens het ‘freezing’ interval niet specifiek voor hoge dreiging en was connecti-
viteit tussen de amygdala en PAG tijdens dit interval negatief (in plaats van posi-
tief). De meeste effecten tijdens de daaropvolgende ‘omschakeling-naar-actie’-fase 
weerspiegelden de bevindingen bij volwassenen – hoge (versus lage) dreiging was 
gerelateerd aan toegenomen pregenual anterior cingulate cortex activiteit en 
meer schiet-reacties (zelfs wanneer de schiet-reactie onderdrukt moest worden). 
Hoewel de gevonden psychofysiologische en gedragsmatige effecten vergelijk-
baar waren voor adolescenten en volwassenen, liet het neurale profiel een aantal 
noemenswaardige afwijkingen zien wat betreft eerder geobserveerde patronen 
(bij volwassenen). De bevindingen van dit hoofdstuk zijn belangrijk om het op-
komen van een volwassen neuropsychologisch profiel van ‘freezing’ tijdens de late 
adolescentie nauwkeurig vast te stellen en tegelijkertijd te onderstrepen dat de 
ontwikkeling van sleutelregio’s doorgaat in het automatische verdedigingscircuit. 
Het onderzoek in deze these breidt de huidige kennis over het neurale 
ontwikkelingsmechanisme, wat ten grondslag ligt aan onderliggende emotie cir-
cuits, uit. De bevindingen laten zien dat de neurale disbalans tussen subcorticale 
en prefrontale structuren ook aanwezig is bij controle over emotionele actie ten-
densen en dat dit gerelateerd is aan de ontwikkeling tijdens de pubertijd. Deze 
verschuiving gaat door tot in de late adolescentie ter ondersteuning van de rijping 
van het prefrontale-amygdala circuit gedurende de ontwikkeling. Dit verloopt 
parallel aan een afname in de organisatorische effecten van testosteron in de aPFC. 
Naast de ontwikkelingseffecten wijst dit onderzoek op de kwetsbaarheid van de 
ontwikkeling van het prefrontale-amygdala circuit ten gevolge van stress tijdens 
de vroege kindertijd. Van vergelijkbare mechanismen is ook aangetoond dat ze 
ten grondslag liggen aan dreiging-gerelateerde ‘freezing’ circuits in het brein. Ten 
slotte, wordt het potentieel van deze reactie onderstreept als een vroege aanwijz-
ing voor de ontwikkeling van internaliserende symptomen tijdens de adolescentie. 
Samenvattend, de mechanismen die worden beschreven in deze these dienen als 
basis om te onderzoeken of veranderde neuro-endocriene trajecten op een mech-
anistische manier zijn verbonden aan de ontwikkeling van psychopathologie later 
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